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PREFACE

This is the final report of a study performed by the University of
Minnesota, Minneapolis, Minnesota, under Contract No. DACW45-74-C-0066 with
the U. S. Army Engineer Waterways Experiment Station (WES), Vicksburg, Miss-
issippi. This work was sponsored by the Office, Chief of Engineers, U. S.
Army. This study, which was origin.iiy funded under the Civil Works Investi-
gation Study (CWIS) Program, "Materials-Structures," by the Missouri River
Division, Corps of Engineers, resulted in a report entitled "Rational Design
of Tunnel Supports: A Computer Model for Rock Mass Behavior Using Inter-
active Graphics for the Input and Output of Geometrical Data." Following
this preliminary study with its emphasis on rock mass behavior, the WES con-
tinued the contract under the CWIS Program, “"Materials-Rock."

The study was conducted by Dr. M. D. Voegele, Department of Civil and
Mineral Engineering, University of Minnesota, under the supervision of Pro-
fessor Charles Fairhurst, Department Chairman? Jechnical contract monitor
for the WES was Mr. J. B. Palmerton, Research Civil Engineer, Engineering
Geology and Rock Mechanics Division (EG&RMD), WES. Dr. D. C. Banks, Chief,
EG&RMD, was the Contracting Officer's Representative.

During the period of this contract and preparation of the report, the
Directors of the WES were COL J. L. Cannon, CE, and COL N. P. Conover, CE.

Technical Director was Mr. F. R, Brown.
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CHAPTER 1

INTRODUCTION

The goal of engineering analysis is intelligent design. This is
true for disciplines which are based upon theoretical concepts discov-
ered literally centuries ago as well as for more recently recognized
disciplines such as Rock Mechanics engineering. Whereas the researcher
in most fields of engineering has at his disposal ana]ytfcq] techniques
which have been proven through decades of use and sound analytical
development, the Rock Mechanics researcher has a limited numbar of
analytical techniques at his disposal. Many of the problems encountered
in the field of Engineering Geology and Mining engineering require the
specification of the response behavior characteristics of a jointed
rock mass. Foundation design requires a knowledge of the stiffness of
the rock mass so that settlements and forces can be predicted accurately.
Highway cuts in rock must be designed so as to be completely safe from
stope failures. Mines, shafts and tunnels must all be designed with a
knowledge of the behavior of the rock mass. The economic design of
open pit mines relies heavily on the pit slope angle; a change of only
a few degrees in the slope angle has a significant effect on the strip-
ping ratio and thus the economic success of the mining venture. The
design of dam foundations or abutments is particularly sensitive to
the behavior of the rock mass. Settlements which can be tolerated by
dam foundations are quite small. .The failure to consider all of the
response characteristics of a rock mass in such situations has in the
past led to catastropic failures and the attendant loss of life. In all

of these problems the role of mass jointing can play a significant role
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in the mass response, but all too frequently the exact behavior of the
joints is poorly understood. Intelligent design requires an understand-
ing of this behavior.

The analytic techniques at the disposal of the Rock Mechanics
engineer upon which the design must be based are quite Timited, and
typically have been borrowed from other fields. The principles of
E classical mechanics are often used as an aid in analysis but it is

frequently observed that the behavior of a rock mass cannot be char-
acterized by the assumptions inherent in these classical methods. The
fundamental assumptions of a continuum characterization, homogeneity
and linearly elastic response, are often seen to be too limited in
. scope to characterize adequately the behavior of a rock mass. That

group of materials which we classify as rock is typically non-homoge-

neous, anisotropic, and often discontinuous; of these characteristics

the discontinuous nature of the rock mass is certainly the most influ-

ential in governing the ultimate behavior of the mass when subjected
to some external stimulus. Constitutive relations can be generalized
to include the effects of anisotropic structure; for example, a recent
paper by Singh (1973) describes the development of an anisotropic
continuum model in which the average influence of planar features can
be taken into account.

Finite Element methods provide an accurate, approximate, method
of solving problems in elasticity. The formulation of a "joint"
element by Goodman et al. (1968) greatly increased the potential of

the Finite Element methods in Rock Mechanics problems. However,

Finite Elenient methods still strictly model a continuum and thus
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targe displacements are not possible except through iteration with

each new iteration utilizing parameters derived from the previous

iteration.

To portray adequately the response of a jointed rock mass requires
the correct modeling of the discontinuities present, that is, the
joints must have both normal and shear stiffness, they must obey some
type of failure law and, most important, the blocks defined by the
Joints must be free to undergo large displacements and rotations if
conditions so dictate. A computer model which satisfies all of these
criteria was presented by Cundall (1971b).

The computer model for simulating progressive large scale movements
in blocky rock systems which has since become known as the Distinct
Element method utilizes semi-rigid rock blocks to characterize the
behavior of a discontinuous rock mass. The interaction between the
blocks is governed by realistic friction laws and simple stiffness
parameters. There are no arbitrary limits on the amount of displacement
and rotation allowed to each block and any block is permitted to touch
any other block. True progressive failure is thus modeled and the mode
of failure is automatically selected by the program since the system
fails by that mode with the lowest stability. The program allows
individual study of the effects of joint geometry, joint parameters,
loading conditions and excavation procedure.

The Distinct Element method portrays a rock mass as a two dimen-
sional assemblage of discrete blocks. There are no restrictions on
block shapes or magnitudes of displacements and rotations. In the

configuration used in this dissertation, the program is interfaced

PO
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with a graphics terminal so that movements of the blocks can be
observed as the computer calculates them.

The equation governing the behavior of the blocks is solved in
an explicit rather than implicit manner. Because the jointed rock
mass may fail in such a way that the movement of the blocks leads
to a new equilibrium position, an adequate block model must take
this into consideration. An implicit solution assumes path independ-
ence; that is, the final answer must be the same no matter how the
blocks move to get there. It seems safe to assume that path dependent
phenomena such as separation along joints, stick-slip behavior of
joint surfaces and block interlocking could not be modeled adequately
except by an iterative procedure using very small time increments.
It should be recognized that by using this approach, one would simply
be using an implicit soTution to model the solution that would have
been obtained directly by an explicit approach.

The major approximation inherent in the Distinct Element method
is that deformations occur along the surfaces of the rock blocks. This
is accomplished by modeling each block as being rigid with what amounts
to a thin elastic region around the perimeter. A consequence of this
is that the program should produce the best solutions in situations
where deformation is governed by movement along joint surfaces. On
the other hand, those situations where elastic deformations of the rock
mass are of the same order of magnitude as the mgvement along the joint

surfaces are perhaps best modeled by elastic soluticns of the Finite

Element type or by a continuum characterization.
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Joint inclination and confining pressure play a significant
role in the determination of the failure mode. The combination of
the conditions of low confining pressures and favorable (or unfavorable
dependent on viewpoint) joint orientation can lead to failure modes
that are joint controlled. When viewed in terms of overall mass
stiffness (i.e., deformation resulting from the application of external
load), it can be seen intuitively that those failures in situations
of low overall stiffness are probably joint controlled while the
higher stiffness models exhibit failures that are essentially inde-
pendent of jointing.

The research described in this dissertation has as its basis
two main goals. First, owing to the relative newness of the Distinct
Element method, a verification study has been undertaken to determine
whether or not the Distinct Element method calculates solutions
similar to other methods commonly used to analyze jointed rock masses.
The second goal of the research is to apply the Distinct Element method
to an engineering problem; in this particular case to the design of
supports and the behavior of the rock mass surrounding an underground
excavation. Underlying these two main research goals are several
attendant yet equally important goals. One underlying theme concerns
the application of computer interactive graphics to engineering analysis.
Another underlying thene concerns the potential perspective of the

Distinct Element method. ]

To introduce the investigations of the behavior of jointed rock ]

masses performed with the Distinct Element method, a brief survey of

the methods commonly used to analyze the behavior of jointed media is
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presented. Common to those methods surveyed is the realization that

the observed behavior of a jointed mass is different than the behavior

of a continuum. Several of the methods adopt the approach that the

behavior of the jointed mass is fundamentally similar to that of a

continuum; the same basic equations are assumed to govern both models

but the constitutive relations are modified for the jointed models to
simulate the presence of jointing. Other methods typically propound the
fact that the jointing governs the mass behavior and thus postulate
governing equations based upon assumed or observed behavior. This
introductory section concludes with a brief overview of the Distinct

Element formulation and presents several examples illustrating applica-

g tions of the Distinct Element program.

Confidence in the use of approximate numerical techniques such as

o mEE ecmiman e

the Distinct Element method can best be developed by comparing calculated
results to known solutions, However, for the particular case of the
behavior of a jointed rock mass, comprehensive analytical solutions do

not exist. The second major portion of this dissertation summarizes the
results of numerous analyses, the sole purpose of which was to demonstrate
the validity of solutions calculated by the Distinct Element method. The
models chosen for comparison are typically simple and care was exercised
to ensure that the behavior of the chosen model was described adequately
by its solution. tost of the models chosen for the comparisons were

based upon Limit Equilibrium principles, and the Distinct Element

calculated solutions were seen to agree quite well with the Limit

Equilibrium solutions in all cases. This general theme of comparison to

existing solutions is not limited to this portion of the dissertation,
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however. lherever possible in the later portions of the dissertation,
every attempt is made to compare Distinct Element calculated solutions
to other solutions.

The remainder of the dissertation is concerned with the behavior
of a jointed mass when disturbed by an excavation. The discussion
covers two broad topics: excavations which are stable without external

i support; and, excavations which depend upon externally applied support

for stability. The interactive capabilities of the graphics terminal
are fully utilized in these studies, both to observe the behavior of
the mass and to nmodify the model while the program is running.

Chapter 4 presents the results of analysis of stable excavations

in jointed rock. The behavior is illustrated by means of contact

force distributions within the mass and interpreted as being governed
by the development of arches within the mass. The mechanisms responsi-
ble for the development of the arching behavior are investigated and

an interpretation utilizing arching theories is presented.

Chapter 5 presents the results of analyses of excavations in
jointed rock which are not stable unless an external support is
provided. The behavior is described quantitatively by ground reaction
curves, relating the deflection of the excavation roof to the magnitude
of the required support force. These curves reflect the interaction
between the rock mass and the support system in an attempt to guide
the research along paths of investigation that are consistent with
current thought regarding rational modeling of tunnel behavior. The
results of these analyses are then compared to several methods,

primarily of an observational nature, commonly used to design support




systems for excavations in jointed rock. The rationale governing

these comparisons is an attempt to provide some manner of analytic
support for these routinely used design schemes.

The dissertation concludes with a summary of pertinent results
and a critical assessment of the potential of the method in engineering
analyses and design. The assessment of the potential emphasizes the
limitation of the model in its present configuration with particular
reference to the mini-computer based configuration. Suggestions for

further development of the model are also presented, outlining areas of

potentially fruitful research.

Ry




CHAPTER 11
THE ANALYSIS OF THE BEHAVIOR OF A ROCK MASS
CONTAINING PLANES OF DISCONTINUITY

2.1 Introduction

Before introducing the concepts underlying the Distinct
Element model, a brief, historical review of the methods of
analysis commonly used when dealing with the behavior of a
discontinuous rock mass is presented. An exhaustive bibliography
on jointed rock has been avoided, since a significant portion of
all publications dealing with Rock Mechanics would need to be
included. Rather, this chapter presents an overview of the
methods of analysis used when dealing with jointed rock, concen-
trating on those methods that are accepted by engineers involved
in actual design. The overview is relatively complete, including
examples of all methods recognized to be in use at the present
time.

A general survey of the response characteristics of a jointed
rock mass is presented first, to enumerate those behavior
mechanisms which must be incorporated in any analysis of a jointed
rock mass if it is to portray accurately the behavior of the mass.

An overview of the methods of analysis is then presented. The
methods lend themselves nicely to categorization in the following
groups:

1) Direct application of the principles of Soil Mechanics

to the behavior of rock masses;

2) application of elastic theory, both in the classical
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sense and by use of Finite Elements;

3) behavior models including direct physical modeling as well
as models based on observed behavior; and,

4) methods of analysis utilizing Limit Equilibrium theories
as developed in the fields of plasticity and soil
mechanics.

The chapter concludes with a brief introduction te the
Distinct Element method of calculating the behavior of a mass
separated into distinct blocks by jointing or other discontinuity
surfaces. The applicability of the model is discussed by way of a
short presentation of worked examples. It is hoped that the
examples selected give some insight into the scope and power of the
method as well as demonstrating typical problems which can be

analyzed by the method.
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2.2 The Response Characteristics of a_Rock Mass

The obvious trend in the past several decades has been to
excavations, both in mining ventures and the conctruction of ciil
works projects, on a scale never before attenpted. The mining of
vein type deposits frequently takes piace in poor quality rock; in
the case of the civil works projects, the best sites in terms of
rock quality have already been selected for previous construction.
Since it was no longer possible to ignore the rock behavior, the
traditional concept of the soundness and stability of a rock mass
had to be re-evaluated. In recognition of this requirement, a
study group, the International Study Group for Geomechanics, was
founded in Salzburg, Austria in 1951. The goal of this study group
was to develop relations among all workers dealing with construction
in rock and to develop a practical approach to the mechanics of rock
masses.

The findings of the study group, which was succeeded by the
International Society of Rock Mechanics in 1962, were presented by
John (1962), and the following few paragraphs, quoted directly from
John's paper, attempt to summarize the philosophy of the Salzburg
group.

"Because the particulai' properties of rock as foundation and

construction material deviate, in many respects, from those

of other foundation materials, rock mechanics is compelled to

follow its own course. The continuity of soil masses ..

resulted in methods for analyzing a continuum, thus defining
the concept of soil mechanics. In situ rock, however,
contrary to the wide spread assumption in foundation engineer-
ing, is rarely homogeneous; rarely without mechanical discon-

tinuities. Therefore, rock mechanics is, in most cases, to
be a study of a jointed structure, of a discontinuum."




The philosophy of the Salzburg group emphasizes the
collaboration between civil and mineral engineers and geologists.
The intervelation of engineers and geologists is readily apparent
in the fundamental concepts of Rock Mechanics as outlined by John:

1) “For most engineering problems, the technical properties
of a rock mass depend far more on the system of geological
separations within the mass than on the strength of the
rock material itself. Therefore, rock mechanics is to be
a mechanics of a discontinuum, that is, a jointed medium"

2) "The strength of a rock mass is considered to be a
residual strength that, together with its anisotropy, is
governed by the interlocking bond of the unit rock blocks
representing the rock mass"

3) "The deformability of a rock mass and its anisotropy
result predominately from the internal displacements of
the unit blocks within the structure of a rock mass.”

C. Jaeger {1964) presented a similar philosophy to that of
John and noted that engineering calculations should take a far
more detailed view of the actual state of the rock mass. Recog-
niziny the inadequacy of the (then) present state of the art, he

outlined a program of suggested research, emphasizing model tests

and investigations of stress distributions in jointed media.
Fairhurst (1967), in assessing the influence of defects and
discontinuities on the behavior of a rock mass noted that failure
in a rock mass always begins at some structural defect and that
the analysis of the behavior of the mass must consider: the
orientation and distribution as well as the magnitude of the
applied forces; the distribution and orientation of structural
defects with respect to the applied forces; and the energy

available to cause continuing movement in the mass.
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One final requirement of any method used to calculate the
response of a jointed mass is that it should incorporate all of the
kinematically possible failure modes. In addition to sliding on
discontinuity planes, rotation of individual blocks about their
centroids is also kinematically possible as reported in field
exposures by Muller (1964) and DeFreitas and Watters (1973) and on
a laboratory scale by Hoffman (1970). An analysis incorporating

only force equilibrium and ignoring moment equilibrium could easily

result in the neglect of an important response of the mass.

T




2.3 Direct Application of Soil Mechanics Theories

Recognizing that large displacements preclude the use of
elastic theory, Seldenrath (1951) idealized the strata comprising
European coal measures as masses of loose structure, and attempted
to apply Soil Mechanics principles to the problems of calculating
fracture planes due to subsidence and calculating loads on props at
a working longwall face. To the extent that he assumed reasonable
values for friction coefficients, he was able to generate results
that were confirmed in practice.

Morrison and Coates (1955) presented a method for the
estimation of stresses surrounding a circular vertical shaft by
means of plastic flow relationships deduced from Mohr's circle of
stress. They questioned the utility of their method for practical
design and concluded that although the approach was better than a
simple elastic analysis, the actual material behavior was still
more complex.

Wilson (1959) applied general Soil Mechanics principles to the
problem of slope stability in open pit mines. He concluded that
failures of cut slopes in fractured and fissured rock were often
the result of uplift pressures in the water behind the slope face.
Observing that the strength of granular material appeared to be
independent of particle size provided that a constant degree of
compactness was maintained, Wilson extrapolated this result to the
analysis of the behavior of broken and fissured rock. Since the
scale of the jointing relative to the size of the pit was small,

Wilson analyzed the stability of cut slopes using the principles




of Soil Mechanics.

Jaeger (1970) analyzed high]} Jointed and broken rock by
regarding the jointing as random and applying the laws of Soil
Mechanics to its behavior. His analysis suggested that values of
Youngs' modulus measured by plate bearing tests on jointed material
for which the plate covered several joints were in reasonable
agreement with laboratory values measured on actual specimens of

the material containing many joints.

LSk ki S ) MER VA R = e o s




2.4  Elastic Theories Applied to Rock Masses

Elastic analyses of discontinuous or jointed masses can be
conveniently grouped into two classes although the difference
between the methods is one of application rather than fundamental
difference in the theory. The first ciass comprises methods of
analysis which directly utilize classical elastic theory;
frequently the input parameters are modified to reflect different
behavior modes due to the presence of discontinuities. The
second class comprises Finite Element type analyses wherein the
continuum is discretized and a stiffness relationship is formulated
for applied forces and nodal point displacements. This latter
class is obviously well suited to the situation of varying material

properties throughout the mass.

2.4.1 C(Classical continuum elastic theories

Obert, Duvall, and Merrill (1960) restricted their analysis
of the design of underground openings to competent rock but
included horizontally stratified rock provided that the bond between
layers was weak.

Beam and Plate theory were used for the analysis but it was
noted that requirements of an elastically perfect, homogeneous,
isotropic mass precluded the possibility of any fracturing in the
roof unless it was parallel to the span direction.

Barla (1970) presented constitutive relations for the non-
linear and time dependent behavior of rock masses but did not

present relations for discontinuous masses.
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Smart (1970) developed a continuum model consisting of rigid
cubical blocks set in a clay matrix and found good agreement with
field data.

Singh (1973a, 1973b) used strain energy principles to derive
general constitutive equations for a rock mass containing an
arbitrarily oriented set of orthogonal, discontinuous joints in
terms of a "stress concentration factor" matrix (which he computed
by Finite Element analysis). His model gave good resuits for
regions of low stress gradient but was found to give poorer results

in regions of high stress gradient.

2.4.2 Finite Element analyses

One particular type of elastic analysis has gained acceptance
since its inception. The Finite Element analysis, particularly in

light of the modifications described below, has become a routinely

used tool in Rock Mechanics problems. 3
Zienkiewicz et al. (1968) noted that linear elastic solutions

indicating regions of tension in a rock mass were probably

unrealistic for the general case of a cracked and fissured mass.

Using a Finite Element formulation with an included "stress

transfer" iteration they were able to calculate a solution with

no tension present in the mass. They also demonstrated that the

solution provided a lower bound to the load at failure.

Goodman, Taylor, and Brekke (1968) succeeded in incorporating ;
a zero thickness element with normal and shear stiffnesses within
the Finite Element formulation. With this special "joint element"

they modeled failure in tension and shear, rotation, arch develop-
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ment and collapse patterns in jointed rock.
Hoffman (1970) compared the results of model tests with the

results of Finite Element analyses and found that the large

deformations and geometric changes in the jointed mass were not
compatible with the assumptions inherent in the Finite Element
method.

St. John (1972) analyzed the behavior of rock slopes in open
pit mines using Finiie Element models incorporatiﬁg joint behavior.
He concluded that the technique provided acceptable results
provided small displacement theory was relevant but stressed the
need for field data to verify the constitutive laws used in the
program.

Chappell (1974 a; 1974 b), and Burman, Trollope, and Philp
(1975) related the behavior of a jointed medium to rigid body
displacements of block centroids. The modified Finite Element
formulation replaced the elastic blocks with rigid ones and
connected the block centroids with "joint" elements capable of
modeling the combined block and joint responses of stress versus
strain and moment versus rotation. Appropriate moduli were obtained
by physical experiments.

Wang and Sun (1970 a, b) and Wang, Sun, and Ropchan (1972)
used Finite Element analyses to determine stresses in gravity
Toaded open pit slopes. These stresses were then incorporated in
a Limit Equilibrium analysis to determine the safety factor of the

slope with respect to sliding on a preselected failure plane.

;i
3
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Manfredini, Martinetti, and Ribacchi (1975) used Finite
Element analyses of slopes to demonstrate the inadequacy of Limit
EquiTibrium methods in design. One interesting, though not
unexpected, conclusion from their study was that the intact
properties of the rock mass played very little part in the

behavior of the jointed medium.
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2.5 Jointed Mass Behavior Models

The jointed mass behavior models have been arbitrarily
separated into three groups. The first comprises true physical
models including both those models where similitude requirements
are met and those whose purpose is simply to demonstrate the

kinematics of failure. The second group, photoelastic modeling,

is a sub group of the first group but owing to the special type
of information it yields, is considered separately. The third
group comprises theories of behavior which are primarily based
upon either empirical data and the results of model tests or

postulated behavior mechanisms.

2.5.1 Physical models

Lang (1964) used physical models for assistance in understand-
ing the behavior of underground power stations. The most
significant result of this research was aid in visualizing
deformation behavior of jointed media.

Krsmanovic and Milic (1964) undertook a comprehensive series
of tests to determine pressure distribution in a discontinuum
subjected to external loads. Their results demonstrated that the
pressure distribution was most sensitive to the original state of
stress of the mass.

Trollope (1966) examined the behavior of a trapezoidal opening
in a jointed rock mass. His work indicated two zones above the
opening: a triangular "suspended zone" above the opening and a

stable region outside of the "suspended zone".
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Goldstein et al. (1966) investigated the behavior of models of
jointed slopes by using a centrifuge. The goal of their research
was to investigate the different failure conditions of slopes cut
in jointed rock.

Fumagalli (1968) outlined the general principles of mechanical
similitude inc]uding‘the incorporation of discontinuity surfaces
for the proper physical scale modeling of problems in rock.

Edwards (1968) constructed a model of an open pit slope with
wooden blocks as an aid to the interpretation of deformation
measurements obtained in the field. An important conclusion of
his work was that even though the models were not truly scaled they
reproduced the measured phenomena better than an elastic analysis.

Gaziev and Erlikman (1971) embedded strain gauges in plaster
blocks and built models to examine pressure distributions in
discontinuous masses. They concluded that the state of stress is
characterized by two "streams" of stresses following the directions
of the principal joint sets.

Erguvanli and Goodman (1972) stressed the importance of
kinematic models to observe possible failure modes, as well as
scale models which could more accurately predict true behavior
patterns.

Goodman (1972) outlined the use of the base friction model to
observe the kinematic behavior of rock masses containing
discontinuities.

Barton (1974) examined the deformation of discontinuous models

consisting of approximately 40,000 blocks. Cut slopes were

il oot abadibih .
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excavated in the model after consolidation. The outcome of the
experinents was compared to Finite Element analyses and photcelastic
studies reported in the literature at that time. In all cases the

"reasonable" behavior as predicted by theory failed to materialize.

2.5.2 Photoelastic models

Lang (1961) used photoelastic models to study the effects of
the presence of joints in the roof of an underground opening. He
also presented some guidelines for rock bolting based upon patterns
of stress transfer observed in bolted photoelastic models.

Maury (1970) examined the distribution of stresses in
horizontally stratified masses by means of photoelastic models. He
noted that the observed behavior was fundamentally different from
that predicted by continuum theory.

Brcic and Nesovic (1970) analyzed detailed two dimensional
models of dam foundation; by photoelastic models. Their results
suggested that the presence of discontinuities was a most
significant parameter in the definition of the foundation bearing
capacity.

Ergun (1970) performed a photoelastic analysis of a biaxially
loaded plate with orthogonal joints and noted that the stress
distribution was affected by: voids in the joints, the ratio of

applied pressure, the joint inclination, and the stress history.

Chappell (1973) investigated the interactions of underground

openings in jointed media photoelastically. His conclusion was

that the mechanisms of slip, rotation, and interlock controlled
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the load distribution. Furthermore, he noted that the interaction

between a number of openings tended to accentuate these mechanisms.

2.5.3 Observational models

The observation of the behavior of discontinuous masses as
well as the behavior of laboratory models has led to several
theories of behavior which for lack of a better name are herein
termed observational models. These observational models attempt
to predict behavior in 1ight of stress disruption/or redistribution
across planes of discontinuity such as joints, or, in the case of

: i soils, grain contact. They often utilize the information gained

. from model experiments or collected from real situations and
extract response patterns which are postulated to hold for a large
class of problems.

%~ Terzaghi (1946) carried out tests in railroad tunnels in

the eastern Alps by inserting wooden blocks of known strength

properties in timber sets. On the basis of the results of these

tests, he postulated the expected Toads on tunnel supports as a

function of the degree of jointing of the rock mass under

consideration.

Trollope (1957, 1961) developed an arching theory of force
distribution within granular masses by a statical equilibrium
analysis of a mass consisting of systematically packed, smooth,
rigid spheres. He applied this theory to block jointed models to
deduce general design principles. The same approach was used by

Trollope and Brown (1965) to develop general equations for the

s ki o . J
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distribution of pressure in a discontinuous mass beneath a strip
loaded foundation.

Hyashi (1966) formulated an approach to determine the distribu-
tion of stresses in a fissured foundation in terms of the combined
Pascal distribution. The effects of cohesion and frictional
resistance were incorporated by means of an iterative application
of Bousinesq's equation. His model recognizes a transient depth
below which slip no longer occurs along joint planes. In the
absence of cohesion or frictional resistance his model reduces to
that postulated by Froelich (1933) who idealized the contact
stresses in stacked cylinders as an assemblage of tiered, simple
beams.

Lane (1961) and Lutton (1970) presented empirical charts
relating slope height to inclination. Their data indicated trends,
but they recognized that adverse geologic structure could
invalidate the use of the charts.

Abel (1966) constructed a statistical model for the
estimation of support lcads in a tunnel from measured steel set
loads, geologic and construction factors. He noted that although
the principles of analysis were general, every tunnel must be
considered as a separate problem.

Ross-Brown (1973) collected data concerning the stability of
cut slopes in open pit mines throughout North America. He
concluded that stability problems were too complex to be summarized
by statistical relationships and that each mine needed to be

considered as a separate entity in light of the experience obtained




in other mines.

More recently, Wickham, Tiedemann, and Skinner (1972),
Bieniawski (1973), and Barton, Lien, and Lunde (1974) have presented
empirically derived rock mass classification schemes for predicting
loads on tunnel supports. The classification schemes result from
the statistical manipulation of data collected during construction
in rock and consider parameters such as joint spacing, orientation,

infilling, and the presence of water.
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2.6 Limit Equilibrium Analyses

The basic principles of Limit Equilibrium applied to jointed
rock masses are basically not different from the principles of the
analysis of soil slopes as advocated by Fellenius (1936) or Bishop
(1955). Owing to the degree of indeterminacy in the problem,
assumptions must be made regarding the magnitude of some forces as
well as their point of application.

A large portion of the literature on the stability of rock
slopes comprises work on the analysis of the sliding behavior of
tetrahedral wedges of rock by means of stereographic projection
(e.g. John, 1968). Although two dimensional problems can be
handled by this method, the amount of work required in the
calculation as opposed to a simpie graphical solution hardly
merits the effort. Limit Equilibrium of three dimensional wedges
is not considered in this review.

John (1962) presented a graphical analysis of the stability of
a2 wedge of rock defined by joint planes and a cut surface. To
determine the magnitude of rock anchor forces, he utilized
conditions of limiting equilibrium by assuming that full frictional
resistance would be developed along the plane of sliding -
effectively allowing him to specify the force polygon.

Bray (1966, 1967 a, b) substituted the equations for principle
stress in the Mohr-Coulomb-Navier relation to develop the ratio of
principle stresses at failure by sliding in a jointed mass as a

function of the orientation of the principle stresses and the

friction coefficient. An interesting outcome of this analysis

2 Alhmann e
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comes by superposing a system of multiple fractures; in this model
the value of the stress ratio approaches that of the active pressure
coefficient as used in soil mechanics.

Jennings (1970) noted that failure in rock slopes did not
necessarily follow a single plane. Rather, the failure surface that
developed was often stepped. Utilizing Limit principles, the
equations he presented incorporated sliding on a discontinuity as
well as failure through intact rock.

Calder (1970) used Limit principles to analyze the stability
of slopes in jointed rock. His analysis demonstrated that contrary
to the case of slope failure in soils, significant changes in cut
slope angle in jointed masses often have no effect on the degree of
stability.

Hoek (1970) presented design charts, based on Limit Equilibrium
principles, for the rapid assessment of the stability of slopes
excavated in jointed rock. The assumptions necessary to produce
the charts are conceded to be severe but are common to all
analyses of this type.

Rosengren (1971) presented the results of a comprehensive
analysis of the stability of blocks and wedges formed by the joint
systems. Whereas the factor of safety as used by most investigators
relates total driving force to total resisting force, Rosengren's
definition of factor of safety contains one term relating available

friction to required friction and another term relating required

cohesion to available cohesion.
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Pentz (1971) investigated the situation where the failure
criterion was not linear; a simple power law was used to relate
normal stress to shear stress in place of the commonly used Mohr-
Coulomb-Navier relationship.

Gaziev and Rechitski (1974) used Limit Equilibrium principles
to analyze a rock slope with multiple slip modes possible. Their
analysis located the layer with the minimum stability factor. The
overall stability of the mass was then related to the individual
layer stabilities.

Statistically based modifications of Limit Equilibrium methods
have also been presented by several authors.

McMahon (1971) introduced design procedures that determine the
probability that a rock slope will be undercut by joints that lie
in unstable orientations. On the basis of these assumptions, and
utilizing Limit Equilibrium principles, he arrived at curves
relating probability of failure to slope angle.

Serrano and Castillo (1974) introduced probability density
functions for the strength of discontinuities and the matrix as
well as for block size and combined them with Limit Equilibrium
principles to generate a stability curve for a rock slope in terms

of probability of failure.
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2.7 An_Evaluation of the Techniques Commonly used in

Jointed Mass Modeling

The preceding literature survey dealt with the numerous
methods commonly used to predict the behavior of rock masses
containing planes of weakness. It is of interest to present a
brief summary of this survey that emphasizes what, in particular,
advantages each of the methods offer.

The observational type methods are typically the first
"analytical" method associated with engineering analyses. It is
to the credit of men like Terzaghi that they recognized that the
degree of jointing present in a rock mass could be the most
significant factor to be considered in a design. However, most
investigators pursuing this method noted that although the method
usually worked quite well for a given problem, the information
gained was generally not of use at other sites. Most recent
investigators have tried to overcome this shortcoming by statistical
manipulation of a large amount of data.

Elastic solutions, and in particular, modified elastic
solutions are recognized as having shortcomings, but are usually
conceded to be fairly accurate in those cases where the jointing
is homogeneous throughout the rock mass. The modified solutions
usually attempt to account for the jointing by anisotropic mass
behavior. It is interesting to note that one of the lcading

proponents of this method of solution . has now abandoned his
earlier view ... that an 'equivalent orthotropic medium' can be

constructed to fairly represent the deformability of regularly
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jointed rock ..." (Goodman, 1974). Goodman makes this statement
on the basis of dilatancy and stress dependent behavior of the
joints and suggests that the more influential discontinuities
should be treated as individual rock mass components.

The application of soil mechanics theories to the analysis of
the behavior of jointed rock masses has been successful in those
cases where the scale of the jointing relative to the problem
was sufficiently small. However, if detailed analysis, on the
scale of the jointing, is required, the method lacks validity.

The use of Limit Equilibrium principles holds much promise
if it is possible to reduce the intricacies of the problem to
the point where a "handleable" number of equilibrium equations
can be written, and if the joint behavior may be represented as
simply as is done in Limit Equilibrium methods. The main problem
with this type of approach is that the necessary assumptions often
tend to oversimplify the problem - if too many assumptions need
to be made to reduce the indeterminacy, then the model may no
longer be representative of the problem to be solved.

Physical modeling seems to offer the best solution to modeling
the behavior of jointed rock masses, since the behavior is exactly
modeled if similitude requirements are met. However, it is
virtually impossible to set up the identical physical models which
are necessary for parametric variation, and the cost of a detailed
model can be prohibitive.

The Distinct Element method uffers a combination of the

capabilities required to predict the behavior of jointed rock
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masses. The joints are modeled as the most significant components
of the problem. There is no need to oversimplify the problem and
the data structures can be stored permitting a given geometry to j
be analyzed as many times as desired.

It is in the context of a reproducibie "physical" model that

the Distinct Element method is used in this dissertation. k
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2.8 The Distinct Element Method

The Distinct Element method introduced by Cundall (1971 a, b)

is a computer based analysis that simulates the behavior of a
system of discrete, semi-rigid rock blocks. Block interactions :
are governed by realistic friction and stiffness laws. Each biock g
may undergo unlimited displacement and rotation while progressive ;
failure is modeled. In its present formulation the program is
run in an interactive mode on a dedicated mini-computer coupled to
a cathode ray tube (CRT) graphic output device. The CRT is used
both for the input of geometric and material information as well
as for the output data which consists of drawing the movements of
the blocks as a function of time. The description presented
follows Cundall (1971 b).
The program calculation cycle comprises force-displacement
relations for the block contacts and laws of motion for the block
centroids. Very simple relationships are used to relate normal
force to normal displacement and shear force to shear displacement.
The normal force-displacement relationship owes its simplicity
to the assumption that the normal stiffness of a joint plays a very
small role in the failure process of the rock mass and that shear

force does not affect normal force. Thus normal force is assumed

proportional to the overlap between two blocks. Diagramatically,
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Fp > ", Fn = Kndp 1

where constant of proportionality K, is the joint normal stiffness
and the resultant force acts upon both blocks. In the more likely
case where two faces together form a joint, equilibrium is

maintained by two point contacts, thus:

Cundall argues for the validity of representing a joint by two
point contacts by noting that owing to irregularities present on
a real joint, contact will occur only at discrete points, quite

possibly only two.
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The shear force-displacement relationship cannot be described 1
by such a simple formulation because the shear force depends upon
the past history of movement of the blocks as well as the amount
of normal force. To account for this, the shear force must be
calculated incrementally with the incremental amount of shearing
force assumed proportional to the relative movement of a block
corner along another block face. The incremental shear force is
then added, noting the sense of movement, to the shear force already

existing between the two blocks. Diagramatically:

new position

where the proportionality constant Kg is the joint shear stiffness.

Although not strictly necessary from a physical standpoint,

the normal force is also calculated incrementally in the program
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so that all forces are derived from incremental displacements.

This formulation does, however, simplify the task of incorporating
nonlinear phenomena, such as dilatation, associated with the normal
stress.

Two failure laws are incorporated in the program. Since it is
probably unrealistic to have tensional resistance across a joint,
a "no tension" criterion is adopted at each time step, by simply
setting normal forces that become negative to zero. The criterion
governing shear failure is the Mohr-Coulomb-Navier law. At every
time step, the shear force at each contact point is tested and
limited to a maximum force, which is dependent upon the normal
force.

The force-displacement relations are thus used to calculate
the set of forces acting on each block solely due to the geometric
position of each block relative to its neighbors. The forces
acting on each block may be resolved into an equivalent force
vector and a moment acting on the block centroid. If a law of
motion is now implemented (in this case Newtons second law) the
linear acceleration vector can be calculated as the quotient of
the resultant force and the mass of the block. Similarly, the
rotational acceleration is the quotient of the resultant moment
and the rotational moment of inertia of the block. By choosing a
suitable time step, these accelerations may be numerically
integrated twice to give the displacement of the block. For

example, in the x direction:
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VXnew - on]d + Ei At v = velocity
m u = displacement
new _  old new m = mass
Uy uy + Vy . At

FX = Force on block in x dir

with similar equations for the y direction and rotation. The time

step cannot be made arbitrarily large, or rapid geometric changes %
would not be modeled accurately. However, a more subtle reason for

the limit on the time step is that owing to numerical instabilities

in the solution of the equations, there is a limit to the maximum

time step. This is discussed in more detail by Cundall (1971 a)

along with the damping requirements of the equations.

The complete calculation cycle can be summarized as:

force boundary Force/?;jp1acement
conditions

forces displacements

/
\ Law of motion A‘Eplgﬁsfgg?gngw“daw

In addition to the main calculation cycle, routines are needed
to keep track of the ccordinates of contacts; the use of arbitrarily

large displacements and the attendant large number of possible

contact points requires the implementation of a dynamic memory
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allocation scheme. This scheme is discussed in Appendix B along
with a more complete listing of the equations comprising the main
calculation cycle. A complete discussion of the fundamental

algorithm of the program is given by Cundall (1974).

Buts it e o aelpbiao
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2.9 Applications of the Distinct Element Method

As a conclusion to this chapter, several examples illustrating
the application of the Distinct Element method to problems involving
the response behavior of jointed rock masses are presented. The
problems range in complexity from modeling a rock slope as a single
block bounded by a joint plane and a tension crack at the crest, to
examining the behavior, as failure progresses, of a jointed mass
being mined by caving techniques. The examples chosen illustrate
most of the salient features and capabilities of the Distinct

Element method; however, the potential of the method extends much

farther. Particular examples of extended applications could
include true blasting analysis, coupled fluid flow behavior and
- incorporation of elastic stresses and strains.

The problem of the correctness of the solutions obtained by

the Distinct Element method will be addressed in the next chapter;

for the present time the correctness of the solutions should be

e

accepted. Alternatively, the examples can be viewed in light of
kinematics only with calculated displacement modes and forces

interpreted in light of experience and intuition. 3

Example 1 - Stabilization of a Failing Rock Slope

The rock slope illustrated in Figure 2.1(a) consists of a
single block bounded by a joint plane dipping approximately 25° out
of the face of the slope and a vertical tension crack at the crest

of the slope. The friction coefficient of the joint plane is .15,
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corresponding to an angle of 8.50; thus the block should be
unstable and is seen to move on the screen as illustrated in
Figure 2.1(b). MNote that the block centroids are identified by a
dot and that an "F" at a centroid means that the block is fixed in
space, that is, not free to move.

To investigate the affect of inclination of an applied
stabilizing force, a small block is placed on the slope and forces
are applied at various angles. As can be seen in Figures 2.1(c)
and (d), the smallest force required to stabilize the slope
corresponds to an angle of inclination equal to the dip of the
joint. Also, the required stabilization force increases as the
bolt inclination becomes perpendicular to the joint plane.
However, the length of bolt or cable required for stabilization is
a minimum when this length is normal to the joint. By assuming a
simple relationship governing bolting costs, it is possible to
determine the optimum inclination for installation of stabilizing
forces. A simple, yet reasonable estimate of relative cost is
obtained by assuming that cost increases linearly with length and
force relative to some base cost (in this case the horizontal bolt
was chosen), this can be expressed as:

F.)

i
Wofy

3 1
Cost ; = Cost H (Tl_.

Assigning an arbitrary figure of 1 to the cost of the horizontal
bolt, Figure 2.1(e) which relates the bolt cost to inclination, can

be plotted. From this figure it can be seen that based upon the

i
(i
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assumed cost relationship, the optimum angle of inclination of the
stabilizing force is approximately 30°.

Realistic cost data can be used to refine the cost relation-
ship and much more complicated slope geometries can be modeled with

the Distinct Element method.

Example 2 - Horizontally Stratified Mine Roof

Figure 2.2 illustrates a horizontally stratified mine roof;
there are no joints exposed within the span of the roof. The only
information that can be obtained by using the Distinct Element
method in a problem such as this is the weight distribution on the
pillars which in this case could readily have been obtained by
inspection. The Distinct Element method in its present formulation
does not incorporate elastic behavior of the elements; all
deformations occur on joint surfaces. For problems where elastic
deformations are important an elastic analysis such as Finite
Element analysis should be used. For this particular problem
however, beam theory could have been used to determine the bending
moments and deflections (see, for example, Obert, Duvall, and

Merrill 1960).

Figure 2.2 A Horizontally Stratified Rock Mass
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Example 3 - A Gravity Retaining Wall

I1Tustrated in Figure 2.3(a) is a retaining structure which is
required to prevent movemept of the jointed mass to its left.
Three friction coefficient§ are invalved in a problem such as this:
¢, the friction angle of the joints within the mass; Vp > the
friction angie for sliding on the base of the wall; and, 0 the
friction angle for sliding of the rock mass along the wall. By
selectively varying these parameters it is possible to illustrate
several aspects of the behavior of the wall in response to loading.
Figure 2.3(b) illustrates the behavior of the wall when ¢ = 26° and
dp = Oy = 450; as the blocks begin to move outward, the wall cannot
siide along its base and thus begins to rotate as evidenced by the
single contact vector at the lower rigﬁ£ hand corner of the wall.
The lower left hand corner of the retaining wall is actually lifted
off the plane of sliding. The situation is, however, stable.

In Figure 2.3(c) another stable situation is illustrated. In
this case, ¢ = 9, = 19° while ¢ = 45°. The "9" printed on a
surface indicates that that surface is assigned the friction
behavior specified for material type 9. This analysis indicated
that as the rock mass moved outward the base of the retaining wall
moved until sufficient frictional resistance to maintain stability
was generated along the base. Some rotation of the retaining wall
has occurred and is indicated by the differing lengths of the
contact vectors along the base of the retaining wall.

As a final variation of this exampie, illustrated in Figure

2.3(d), an analysis with by T 19° s presented. This
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Figure 2.3 A gravity retaining wall
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case is not stable - note the settlement of the mass and the gap
at the lower left hand corner of the wall. Failure has occurred
because sufficient resistance could not be developed along the
base of the retaining wall. Also, the reduction of the frictional
resistance between the mass and the wall reduced the overturning
moment on the wall which in the previous cases had acted to
increase the shearing resistance along the base of the wall. This
is easily understood in terms of a simple analogy - trying to move

the retaining wall by a single force acting through its centroid.

The two sketches represent the extremes in terms of orientation of
contact forces along the wall. In the first sketch, representing
the case by = 0, the force exerted by the mass on the retaining
wall, Fw, has no vertical component while in the second sketch,
representing the case ¢w = 450, the force exerted by the mass on

the retaining wall, Fw’ has a vertical component. The vertical
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component of Fw acts to increase the normal force on the base of
the retaining wall, thus increasing resistance to sliding movement.
The effect of increasing the coefficient of friction ¢w is thus to

stabilize the retaining wall against translational sliding.

Example 4 - A Rock Slope Which Fails by Toppling

The assessment of the stability of a cut slope in light of
translational kinematics often makes use of the fact that if the
major joint set dips into the slope, failure by sliding is 'not
possible. Although this statement is true, the fact that a rock
mass meets this criterion does not automatically ensure the
stability of the cut slope as this example illustrates.

Presented in Figure 2.4 are several stages of the progressive
failure of a cut slope where the major joint set dips into the
slope face. Figure 2.4(a) represents the case before running
the program while Figure 2.4(b) illustrates the situation just as
failure begins; as can be seen from the figure, the toe block
must move before the mass can fail. Thus the toe block represents
a "keystone" and in the absence of fracturing, the behavior of the
entire mass depends upon the behavior of this block. Any remedial
action designed for a cut such as this must be based upon knowledge
of which blocks or sections of the slope act as keystones. With
the Distinct Element method it is a simple matter to determine
which blocks can best be utilized to stabilize the mass.

Figure 2.4(d) illustrates another physically observed feature

which is accurately modeled by the Distinct Element method. After
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a significant amount of movement has occu red, stable equilibrium
of the mass is reached. (Blocks which moved away from the mass

were erased as the program progressed).

Example 5 - Anchoring a Large Force in Rock Mass

This example presents a comparison of the failure loads f
calculated when a large external force, such as an anchorage force
for a transmission tower, is applied to a jointed mass in two
different directions. The rock mass in question and the two
loading directions are illustrated in Figures 2.5(a) and 2.5(c).
The force vectors which cause failure, drawn to a common scale, are
also illustrated; the deformed geometries are illustrated in
Figures 2.5(b) and 2.5(d).
If the scale of the problem is such that the bedding planes
are spaced at three feet, the visible jointing is spaced at six

feet, the jointing parallel to the plane of projection is spaced

“at five feet, and the mass density is7160 pcTs then the faiture — "~ T4

loads are approximately 160 kips for the case where loading
parallels the jointing, and 230 kips for the case where loading
crosses the jointing.

The modes of failure are also markedly different in the two
cases. In the case where the loading parallels the jointing,
failure of the mass occurs essentially by slip along the joints.
However, in the situation where the loading crosses the jointing,
failure encompasses a larger volume of the rock mass and is more

of a rotational failure than a slippage failure.
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Example 6 - A Pressure Tunnel Near a Free Surface

This example examines a hypothetical situation where a
pressure tunnel is located near a free surface. A situation such
as this could be encountered, for example, in a diversion tunnel
for a dam.

The failure of the rock mass in this particular case depends
upon the penetration of water into the joints at fairly high
pressures. Hopefully, in a real situation, water pressure testing
would have been performed to assess the permeability of the mass
and appropriate remedial action such as grouting and lining
undertaken to prevent water loss. Nevertheless, the example is
instructive and is presented in spite of its lack of realism.

Figure 2.6(a) illustrates the tunnel under consideration;
the diameter of the tunnel is 20 feet and the internal pressure,
which is assumed to penetrate all joints intersecting the tunnel,

is 100 psi. The initial failure with the friction angle equal to

22 degrees on the joint planes is illustrated in Figure 2.6(b). In

this type of problem the water pressure does not decrease as the
joints open, for there is a practically unlimited supply of water
to move out into the joints as they open.

Figure 2.6(c) shows a later stage of the progressive failure
while Figure 2.6(d) illustrates the pressure distribution in the
Jjoints as indicated by an asterisk on those joints where water
pressure is applied. The water pressure units illustrated are
internal computer units and are seen to follow a parabolic trend,

decreasing in intensity from the tunnel to the free surfaces. The

E4a




Figure 2.6 A pressure tunnel near a free surface
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chosen pressure distribution has led to an unexpected displacement
field as evidenced by the open joint one block away from the tunnel
in the first row of blocks. Evidently, the effects of the free
surface and the water pressure were sufficient to cause movement of
the two righthand blocks in the first row of strata but, owing to
the increased overburden load, the block nearest the tunnel

remained stable.

Example 7 - A Shear Zone in a Tunnel Roof

Example 7 is concerned with a problem of roof stability in a
tunnel intersected by a plane of weakness having a noticeably lower

friction coefficient than the rest of the mass and dipping at a

less favorable orientation than the main joint set. In addition,

the plane directly above the main failure plane was also assigned

a low friction coefficient to better model a shear zone.
The tunnel under consideration has a width of 24 feet and is
illustrated in Figure 2.7(a); the planes considered as the
boundaries of the shear zone are assigned friction type 5 (¢ = 5°)
as indicated in Figure 2.7(d). The mode of failure, which can be
compared to squeezing material into the excavation by movement along
the planes defining the shear zone, is illustrated in Figure 2.7(b)
and 2.7(c). The disruption of the integrity of the roof defines a
volume of rock which must be restrained by the support system. At
a unit weight of rock of 160 pcf, the weight of this volume of rock
is approximately 100 kips per foot of tunnel length.
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Figure 2.7 A shear zone in a tunnel roof
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Recognizing that the block exposed in the upper right hand
corner of the tunnel acts as a keystone upon which the behavior of
the roof depends, the force necessary to stabilize this block (and
thus the entire system) was determined. By placing a small block
in contact with the desired biock and applying various forces it is
possible to determine the force that will maintain equilibrium of
the mass. The forces could equally have been applied at the
centroid of one of the failing blocks, but by utilizing a smaill
block acting along the edge of one of the failirg blocks the
effects of rotation due to eccentric 1nading are better modeled.
One such force is shown in Figure 2.7(d). This force, which has a
magnitude of approximately 20 kips per foot of tunnel length
demonstrates that it is possible to keep masses in equilibrium
with forces that are small when compared to the weight of the mass

which is failing.

Example 8 - Behavior of a Jointed Mass During Mining by Caving

The final example presented in this section illustrates the
movements of blocks and the forces developed during these move-
ments as progressive failure occurs in a large, jointed mass being
mined by caving techniques. The block configurations as mining
progresses are illustrated sequentially in Figures 2.8(a) through
2.8(j). The figures present the situation beginning some time
after mining had commenced; in addition, as soon as individual

blocks had moved sufficiently far from the mass so that they no

longer influenced the behavior of the mass, they were erased. In
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other words, the problem of jamming or arching at the draw point
was not considered.

After the first two introductory illustrations (Figures 2.8(a)
and 2.8(b)) alternate illustrations show only the contact forces,
for the block outlines would only make the drawing more difficult
to interpret.

The factors that influence the behavior of the mass include
a relatively low friction angle on the joint planes (¢ = ]70) and
rigid boundaries. The four independent, intersecting joint sets
are not claimed to be representative of conditions at a particular
mine site. Rather, they were selected solely to give the mass more

freedom to move, as two intersecting joint sets were found to have

a tendency to lock and stabilize as the individual blocks moved.
Examination of Figures 2.8(a), 2.8(b), and 2.8(c) illustrate

the expected movement of the lower unconfined blocks. Figure 2.8(d)

illustrates that two separate arches have developed, indicating that
the blocks in the lower part of the mass are failing as a unit and,
judging from the magnitude of the forces in the upper part of the

mass, providing enough resistance to keep the upper part of the

mass stable.

This conclusion is reinforced by Figure 2.8(e) where it can
be seen that the lower blocks are separating significantly from
the mass. Figure 2.8(f) shows the continued development of two
separate arches. The thrusts developed in the lower arch are not
of sufficient magnitude to stabilize the mass, as evidenced by the

progression of raveling up into the mass as illustrated in



r—

Figure 2.8(g) and the collapse of the lower arch as shown in

Figure 2.8(h). Figure 2.8(i) illustrates the continued movement
of the mass toward the draw point. The uppermost layer is still
maintaining its integrity due to the slight confining effect at

the arch abutments. The Tower arch has completely failed as can be
seen in Figure 2.8(j). Although not illustrated, the upper arch
eventually collapsed when a sufficient movement of the lower mass

blocks caused a loosening at the arch abutments.
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Figure 2.8 Behavior of a jointed mass during mining by caving
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CHAPTER 111

VERIFICATION OF THE ACCURACY OF RESULTS CALCULATED
BY THE DISTINCT ELEMENT METHOD

3.1 Introduction

As the Distinct Element method is, in fact, an approximate
method to obtain the response behavior of a block jointed system,
an attempt must be made to verify that the calculations performed
in the method yield results that are acceptable. What is required
of a solution to a problem involving the inclusion of joints in a
rock mass is that it incorporate and assign most influence to
the significant parameters affecting the behavior of the mass. If
in doing so, some small elastic strain is overlooked, the solution
cannot be classified as exact but, needless to say, if the
important responses of the block system are modeled correctly, the
solution certainly must be classified as acceptable.

Confidence in the use of an approximate numerical technique
such as the Distinct Element method can best be developed through
comparison to existing solutions to problems which include the
significant parameters which the numerical technique models. A
high degree of confidence is obtained if the numerical model
duplicates the results of proven analytical solutions. Somewhat
less confidence in the model is developed if the comparisons are
made to approximate solutions, although the degree of confidence

in the approximate solutions, as evidenced by their level of

acceptance by practicing engineers and designers, obviously must
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be considered in the comparisons.

The problem of verifying the accuracy of solutions calculated
by the Distinct Element method is compounded by the lack of
analytical solutions that describe the behavior of a jointed rock
mass. Instead, when dealing with the behavior of a jointed mass,
most analytical solutions invoke approximations which draw upon
empirically observed behavior models, soil mechanics theories and
classical elastic solutions with the elastic parameters modified
to reflect joint behavior. These types of models are severely
limited in their applicability; for example, the elastic analyses
are probably most valid for the case of very close jointing and
the case of a very regular degree of jointing that can be
characterized as an anisotropy. More general models for calculat-
ing the behavior of a jointed mass typically attack the problem by
assuming simplified relationships between the parameters selected
to typify the behavior. This type of model suffers in that the
full implications of the roles these parameters play in the
behavior of the mass are not yet fully understood.

What is needed then to perform a truly accurate comparison
unfortunately does not exist. Rather, the very nature of the
problem dictates that a choice be made between approximate tech-
niques of analysis which often contain vastly simplified,
empirically adjusted assumptions regarding the overall mass
behavior which could possibly only be valid for a distinctly
limited range of material properties.

One group of approximate techniques, which is limited in its
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scope to geometrically ideal problems, is acceptable for a
comparison of this type. Limit Equilibrium solutions are
concerned with the static equilibrium of bodies at the point of
failure. Under this assumption, the frictional forces are
assumed to be fully developed and thus force diagrams can be
drawn and equilibrium equations written. This method requires
the knowledge of the location of the failure surface and a minimal
number of interacting blocks. Provided that the geometry of the
mass can be represented simply, Limit Equilibirum principles are
routinely used to calculate the response of a jointed mass.

In the sections that follow, five simple approximate models
for the behavior of jointed masses are presented and the calculated

responses are compared to that generated by the Distinct Element

method. Included in these models are Limit Equilibrium analyses of:

one block on an inclined plane with sliding and rotation possible;
two interacting blocks, one in an active state, the other in a
passive state; and, multiple interacting blocks both with and
without the possibility of rotation. Also included are comparisons
to physical models examined with a base friction apparatus,
presented primarily for qualitative observations on the kinematics
of large displacements, as well as a simple pressure distribution
in a jointed mass where simplifying assumptions regarding material
behavior have reduced the problem to an application of the
principles of static equilibrium.

Common to the models chosen for comparison to the Distinct

Element model are simple geometric properties and minimal




111-4
assumptions regarding matcrial behavior. As a result of this the
models possess the additional feature that an intuitive insight
“ into the ultimate response behavior is often possible. If it is
possible to demonstrate that the simple models give the correct
& response, then it is much more meaningful if the Distinct Element

model gives the same response.
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3.2 The Base Friction Method

The base friction or base shear modeling technique is a
physical, scale modeling technique described by Goodman (1972)
that developed from the suggestion that the effect of gravity on
a jointed rock slope could be simulated by shear forces on the
base of the model as it was pushed over a plane surface.
Alternatively, as in demonstrations attributed to Dr. E. Hoek
(Goodman, 1976) the base may be moved while the model is restrained.
The advantage of a horizontal assemblage of blocks Ties in the
fact that complex, unstable models may be constructed and failure
observed as gravity is suddenly "switched on". Disadvantages
arise due to the fact that accurate modeling of a real situation
requires that a model material having the exact frictional
properties of the real material must be found. In practice, exotic
mixtures of flour, sand, salt and cooking oil are used to make a
cuttable, semi-rigid modeling material. A material of this type
has the advantage that discontinuities may be cut into it at
arbitrary orientations; for the purposes of this investigation,
however, as rigidity was of prime importance, 1 cm cubes of
commercially available plexiglass were used to construct the
models. The inability to orient discontinuities at arbitrary
angles was not considered a severe 1iability in this investigation
as the end result was simply to demonstrate dua]itative]y that the
Distinct Element method would reproduce the expected modes of
failure in several models where the failure modes were obvious.

Figure 3.1 illustrates the small base friction apparatus used to

study the behavior of the jointed models.




.
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Figure 3.1 Diagramatic sketch of base friction apparatus used

in comparison ;

Modeling techniques such as base shear are typically
kinematic in that they reproduce the geometric features of the
geologic structure and the excavation to a sufficient degree to
establish possible modes of failure. However, they are not
exactly scaled dynamically. For example, the base shear method
does not give the correct response when a moving body acquires
lateral momentum since in the base friction model, real accelera-

tions are broportiona1 to the driving belt velocity (Goodman 1976).
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The implication of this is that in the absence of block to block
contact, the only accelerations permitted in the model would be
% in the direction of the belt velocity as indicated in Figure 3.2.
The Distinct Element model of this situation is included to
demonstrate that momentum is indeed properly modeled.
However, several qualitative observations of a kinematic
[ nature can be made: blocks which receive no supporting resistance
must move downward under the effect of gravity; unconfined,
geometrically unstable blocks must rotate and topple; and confined,
geometrically unstable blocks must induce sliding in neighboring
blocks as they rotate and topple. These three behavioral features
of jointed systems can readily be simulated on a base shear
apparatus by a laterally unsupported mine roof, an overhanging
cliff and a cut slope in a jointed mass, respectively. These
three failure models were chosen because, due to their simplicity,

the kinematics of the failure are obvious. This makes them ideal

for comparison with the Distinct Element method for it demonstrates
that the Distinct Element method can calculate the proper failure
mode for several situations for which the failure modes can be

;' envisioned.

E Figures 3.3, 3.4, and 3.5 illustrate a comparison of each of

the three above mentioned failure modes by the base shear

technique and the Distinct Element method. Little, if any, comment

ke

appears necessary other than to point out the similarity of the

developing failure in all three cases.
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Figure 3.2 Dissimilarity of base friction model and Distinct
Element method and real situation where momentum is \
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Figure 3.4 Comparison of base friction analysis and Distinct
Element method for case of unconfined geometrically
unstable blocks.
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3.3 Limit Equilibrium of a Single Block

The simplest and most obvious quantitative test of the
validity of the Distinct Element method is whether or not it
can adequately model the behavior of a single block on an inclined
surface. The laws of static equilibrium furnish two important
aspects of the behavior of such & block: first, it will not slide
unless the angle of friction is less than the angle of inclination
of the surface upon which it rests; and second, when the direction
of the weight vector falls outside of the base of the block,
overturning of the block must occur. This toppling stability is
related to the geometry of the block as illustrated in Figure 3.6.
When the ratio of the width of the base to the height of the block
is less than the tangent of the angle of inclination, overturning
of the block occurs.

Thus, the Timiting stability condition of a single block on
an inclined plane is a function of the angle of friction (&), the
shape (ratio h/b) and the inclination of the sliding plane (u).
The interrelationship of these parameters has been presented
graphically by Hoek and Bray (1974) and is reproduced in Figure 3.6.
This diagram delineates the four behavioral characteristics of a
single block on an inclined plane: stable, sliding, toppling, and
a combination of sliding and toppling. Note that the line & =y is
not fixed on the diagram - it is moved laterally to specify the
boundary for a given ¢ situation.

The line ¢ = & and the line h/b = cot ¥, representing limiting

conditions for any specific block under consideration, suggest an
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alternate method of plotting this data. For a given base plane
inclination ¢, the geometric ratio (h/b) and the friction angle (o)
are plotted as the ordinate and abscissa respectively. The line
h/b = cot U separates the plot into two regions in which toppling
will or will not occur; the line ¥ = ¢ similarly divides the plot
with respect to sliding. The only advantage of such a plot, an
example of which can be seen in Figure 3.7, is that the four
regions are more nearly equal in area than on the Hoek and Bray
plot. It suffers from the disadvantage that two 1ines must be
drawn for each specific case whereas the Hoek and Bray diagram
only requires that one line be redrawn.

As a test of the ability of the Distinct Element method to
calculate the proper response of a single block on an inclined
plane, paired values of ¢ and h/b were randomly generated for
several different values of the base plan inclination (y) and the
observed behavior of the block plotted on the described diagram.
The results for two values of Y are presented in Figure 3.7. In
addition, several 1limit values were plotted whenever possible.
For example, in the case ¢ = 26.6° the value of ¢ at which sliding
just began was also noted. Also in the case ¢ = 26.60, as the
limiting condition for toppling was h/b = 2.0, 1imit conditions
at which toppling just began were investigated.

The results presented in Figure 3.7 show that the Distinct
Element method is capable of accurately predicting the behavior
of a single block on an inclined surface with respect to sliding

or toppling failures. However, close examination of the left side,
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uppermost quadrant, indicates that most failures in this region
were of a sliding nature rather than a combination of sliding and
toppling. The reason for this is easily understood in light of
the true meaning of the diagram.

The behavior of a sliding block is indeterminate except at
conditions of limiting equilibrium; that is, the theory that has
been used to predict the behavior of a block is only valid along
the line h/b = cot y and along the line ¢ = Y. In three of the
quadrants, the fact that either one or both of the failure criteria
are not met still allows the determination of the behavior.
Consider, as an example, the right side, uppermost quadrant: if
a block cannot slide, rotational behavior can be deduced from
moment equilibrium.

In the lefthand, uppermost quadrant however, neither of these
stability criteria is met and the problem is highly statically
indeterminate. Intuitively, it must be true that a block sliding
on a frictionless surface cannot topple due to the inability of
the system to develop an overturning couple. On the other hand,
a block sliding on a plane inclined at an angle slightly greater
than the friction angle experiences an overturning couple due to
the frictional resistance acting on the sliding surface. If,
additionally, the block geometry is conducive to toppling, then
intuitively, the fact that the block is sliding should introduce
an additional toppling moment. An analysis as simple as that

illustrated in Figure 3.6 cannot predict the dynamic behavior just

described as it is only concerned with 1imiting cases.
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Examination of the plots in Figure 3.7 indicates that
combined toppling and sliding was infrequently observed and only
occurred near the limiting conditions. The line that delineates
that area of the graph corresponding to simultaneous sliding and
toppling behavior is not deducible from a simple Limit Equilibrium 3
analysis. The fact that this coupled behavior is not determinable
does not detract from the comparison in the least for the true test
of the Distinct Element method 1ies in its ability to produce
accurate results along the lines ¢ = ¢ and h/b = cot ¢ which,

as Figure 3.7 indicates, it has done. f
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3.4 Two Block Limiting Equilibrium Model

Goodman (1976) presents a method by which a Limit Equilibrium
analysis of two interacting blocks can be perforwed with the aid of
a stereonet. Figure 3.8 illustrates the general nature of the
problem; a rock slide consists of two free blocks, one of which
is in an active or loading state, the other is in a passive or
resisting state. S1iding of the passive wedge is initiated by
Toad transfer from the active wedge which, by definition cannot be
sustained by friction alone along its base planes; moment
equilibrium is not considered.

The procedure consists of three steps:

1. analyze active block with plane 3 as a free face: find

Fp required

2. analyze passive block with plane 3 as a free face, and

with load - Fp

3. system is safe if resultant or passive block falls

within the friction cone to the normal to plane 2
Note that if the angle that the resultant on plane 2 makes with
the normal to plane 2 is taken as the friction angle on plane 2,
then 1imiting equilibrium conditions exist throughout the mass.

Several different geometries were analyzed by this method for
comparison with the Distinct Element method. Care was taken to
ensure that the geometries chosen for analysis would fail with a
minimal amount of rotation and with full frfctional resistance

developing on all planes in accordance with the basic theory. The

results of several of the test cases are presented in Table 3.1,
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some of the geometries and the associated stereographic projections
are presented if Figure 3.8.

The difference in the friction coefficient for stability on
Plane 2 as calculated by two block Limit Equilibrium as compared
to that calculated by the Distinct Element method was found

typically to be on the order of one percent.

Limit Equilibrium Distinct Element Relative Difference

Case ¢ u ) U iny
1 23.0°  0.425  23.3°  0.430 1.2%
2 25.5°  0.477  25.7°  0.482 1.0%
3 30.6°  0.59] 30.8°  0.597 1.0%
4 33.0°  0.649  33.1°  0.652 0.5%
5 37.6°  0.770  37.5°  0.767 -0.4%

Table 3.1 Comparison of the coefficient of friction required for
stability as calculated by Limit Equilibrium and by the
Distinct Element method.

Other geometries, in which rotation played a major part in the
failure, were analyzed and compared by the two methods. A typical
geometry investigated is illustrated in Figure 3.10. The friction
coefficient calculated by two block Limit Equilibrium for this
geometry was found to be 0.554; the friction coefficient
calculated by the Distinct Element method was found to be 0.490.
The resulting difference in the friction coefficient was thus

eleven percent. If, however, a Limit Equilibrium analysis
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incorporating rotation is performed, the friction coefficient
for stability of the passive block is found to be 0.477 with a
resulting difference in the friction coefficient of 2.7%. The

geometry, stereographic solution and idealized force distribution

are shown in Figure 3.10.
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Figure 3.9 Geometries, force polygons and stereographic solutions
for representative two block cases analyzed by Limit
Equilibrium.
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Figure 3.10 (a) (b) (c¢) Limit Equilibrium analysis of a two block
model where toppling is an expected failure mode; (d)
Alternative force distribution for consideration of
moment equilibrium.
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3.5 Embankment Stability Utilizing Equilibrium of Slices

An interesting test of the ability of the Distinct Element
method to calculate a comparable solution arises in a comparison
to the method of slices approach commonly used to assess the
stability of a soil slope. Although the intent of the method of
slices approach is to model a soil slope as failing plastically
at all points simultaneously, equilibrium is calculated for a
number of vertical slices whose behavior can best be described as
that of a rigid block. There are a number of approaches to the

solution of this problem, but they all have in common the fact that

an idealization is made in the true force distribution on a slice
to make the solution statically determinate. Examples of
idealizations which can be solved by hand calculations are the
Fellenius and simplified Bishop techniques (Lambe and Whitman, 1969)
which assume zero force resultant in the direction normal to the
failure arc and zero force resultant in the vertical direction,
respectively. More complex lateral force distribution schemes
exist, and are typified by the method of Morganstern and Price
(1965), which assumes the lateral force distribution parallels an
originally unknown but determinable function, and the method of
Spencer (1967, 1973), which assumes that the lateral forces are
inclined at a constant and determinable yet originally unknown
angle. The solution of these more complex schemes is typically
highly iterative and best handled by a computer.

To keep a proper perspective it must be noted that Fellenius

chose to ignore the side forces in his method since the error

introduced was on the order of five percent and that Beichmann in
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1937 used 13 different and reasonable assumptions about the side
forces to demonstrate that the maximum difference among the methods
was only four percent (Golder, 1972). In addition, Spencer (1967,
1973) was able to demonstrate the insensitivity of the moment
equation to the slope of the interslice forces. The inclusion of
a constant side force inclination led to a significant reduction
in required computational time as there was no longer any need
to calculate the thrust position function as in the method of
Morganstern and Price.

For purposes of comparison to the Distinct Element method,
four commonly encountered method-of-slices analysis were used.
The friction circle technique, Taylor {1937), although not a slice
type analysis, was also used. With the normal stress concentrated
at a single point, this equilibrium solution establishes a lower
bound safety factor for all method-of-slices solutions which
satisfy statics. The Fellenius and simplified Bishop methods
(Lambe and Whitman, 1969) were used because of their simplicity
and tendency to bracket the other methods (Whitman and Moore, 1963).
Wright's modification of Spencer's method (Major, et al., 1976) was
chosen as representative of the methods that include lateral
forces, primarily due to its superiority in computational speed.

The results of the comparisons for two slope configurations
are presented in Figure 3.11; the significant difference between
the cases is that case B is more nearly planar owing to the larger

radius of the failure surface. Inspection of the figure

illustrates several interesting points as outlined in the following
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paragraph.

Firstly, the variation in the friction coefficient required

for Limit Equilibrium conditions is a function of the number of ;
slices; the fact that Spencer’'s method, which utilizes lateral
forces, is less sensitive to this parameter probably indicates ;
the reason for this. As the blocks get thinner, they become
rotationally unstable and lateral forces are required to maintain
equilibrium. On the other hand as the number of slices becomes
smaller, the system begins to act as an active/passive block
system and once again, lateral forces are required for equilibrium
to be reached. In practice, it is recognized that these problems
are avoided if the number of slices is in the range of from ten to
twenty. Within this range the friction coefficient as calculated
by the Distinct Element method is within two percent of the method
incorporating side forces (Spencer-Wright) and typically within
five to seven percent of that given by either Fellenius or Bishop.
Secondly, the friction coefficient calculated by the Distinct
Element method diverges from that calculated by the other methods
for @ small number of slices. This is probably due to the fact
that the Distinct Element method approximates the circular failure
arc by a series of straight line segments and the possibility that
any given segment could have an unwarranted influence on the
sliding behavior. A given line segment could lower the inclination
of the failure surface at any point along the slope with a

corresponding decrease in the resultant friction coefficient

required for stability. In contrast to this is the case where the
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is approximated by a larger number of slices; in this

case the average slope of the failure arc is correctly represented.

These two cases are illustrated in Figure 3.12.

Case A

Disting

~__|

Figure 3.12

Case B
bt Element Representation Distinct Element
Representation
True Failure
| Surface \\\\\\ True Failure
| Surface

Average Inclination
for Slice

Average Inclination
for Slice

Possible mechanism {exagerated view) for divergence
of Distinct Element method from slice methods as
slice thickness increases. Note that in case A,
sliding can occur on 2 line segment which has a
higher inclination than the average for that section
of the arc while this does not occur in case B.

et
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3.6 Multi-Block Limiting Fquilibrium with Toppling

Goodman and Bray (1976) demonstrated that block toppling can
easily be analyzed by Limit Equilibrium methods for the special
case of blocks resting on a positively stepped base as shown in
Figure 3.13(a). Sliding and toppling modes of failure are
analyzed for each block according to the failing configurations
illustrated in Figure 3.13(b). The indeterminacy in the equilibrium
equation for each block is resolved by assuming that full frictional
resistance develops at each contact point. The other major
assumption in the method is the position of the points of contact.

Beginning with the uppermost block, the force to prevent
toppling and the force to prevent sliding are calculated. The
larger of these two numbers dictates whether toppling or sliding
will occur; however, if both forces are negative, the block is
stable. For the analysis of the next block down the slope, the
larger of the two forces (or zero if the block is stable) is applied
to the downslope block and the stability of that block determined.
The method continues down the slope until the toe block is reached.
The force required to maintain equilibrium of the toe block is the
cable force required to stabilize the entire slope since al)
excess driving forces have been transferred to the toe block by the
calculation method. The method is general enough to handle any
location and orientation of the cable force.

Two of the geometries chosen for analysis are illustrated in
Figure 3.14; although similar in appearance, they differ in that

the toe block will fail by sliding in one case and by toppling in

the other case.




Figure 3.13 Conditions for toppling and for sliding of a given

f block under 1imiting conditions (after Goodman and
{ Bray, 1976).
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One additional point must be considered when the mode of
failure is dominated by toppling. Whereas the stability of a
system of sliding blocks may be analyzed with the Distir-%
Element method by beginning with a condition that is stable with
respect to frictional sliding and reducing the friction coefficient
until failure occurs, the situation that exists when toppling
modes of failure are present is more complex. On the one hand,
frictional resistance on the sides of the block and at the
corner about which rotation is occurring cannot be fully developed
unless rotation induced lateral movement has been allowed to occur
between blocks. But on the other hand, once some rotation has
occurred, the geometric configuration of the blocks is such that
a higher force is required to maintain stability with respect to
toppling.

In a comparison of the Distinct Element method and the
Goodman and Bray Limit Equilibrium method, this fact must be taken
into consideration. Since the significant coordinates are always
available during the running of the Distinct Element program, the
amount of rotation of an individual block can always be calculated
at any time during the running of the program. In addition, a
sensitivity analysis relating cable fo}ce to base plane inclination
was performed using the Goodman and Bray Limit Equilibrium method.

The variation of the step inclination illustrated in the figure
does not represent an actual change in the geometry of the model but
reflects the actual displacement of the blocks due to rotational

movements in the Distinct Element model. The value of the cable
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force determined by the Distinct Element method for several values
of block rotation is illustrated. The corresponding values as
E determined by Goodman and Bray's method are also plotted for
equivalent rotations. By comparing the data in this manner, there
is assurance that the difference in calculated vaiues is not due to
a failure to compare equivalent models.

The results of the two comparisons are presented in Figure
3.14; part A illustrates the case of the toe block toppling and
part B illustrates the case of the toe block sliding. Inspection

of Figure 3.14 shows that the response of the Distinct Element

model is similar to that of the Goodman and Bray Limit Equilibrium
model; the cable force calculated is also similar for both models.

The relative difference in the calculated cable forces is

approximately ten percent for the case of toe block sliding and
approximately twenty percent for the case involving toe block
rotation. Examination of Figure 3.15 illustrates several

discrepancies between the contact force distribution assumed by

Goodman and Bray and that calculated by the Distinct Element

model. These discrepancies all have a direct bearing on the E

magnitude of the required cable force and help to explain the
difference in the value of the cable force as calculated by the
two methods.

The contact forces indicated by the number 1 in the figure
indicate "elastic" compression of the block system due to the
applied bolt force and result in an increased value of the bolt

force required for stability. The contact force indicated by the
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Figure 3.14 Comparison of Distinct Element calculated response of
multi-block Limit Equilibrium and response as
calculated by the method of Goodman and Bray (1976).
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number 2 also reflects the tendency of the cabtle force to compact
the system; as rotation begins, shearing resistance develops. This
force however, acts to stabilize the block and thus, indirectly,
reduce the required value of the cable force. The contact

forces indicated by the number 3 directly contradict the basic
assumption of Goodman and Bray - the development of full

frictional resistance at all sliding contacts. Forces of this type
acting at less than full frictional development increase the
rotational moment on a block and thus increase the required

value of the cable force.

In spite of these discrepancies, agreement of the models is
still quite good indicating that the effect of the additional
contact forces and the failure to mobilize full frictional
resistance at all sliding contacts is slight. Additionally,
rotational failure is very unstable and dynamic as opposed to
simple frictional sliding which is essentially static. In light
of this it is felt that the agreement between the Goodman and Bray

model and the Distinct Element model is quite good.
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Figure 3.15 Observed discrepancies in the contact force
distribution assumed by Goodman and Bray (1976).
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3.7 Pressure Distribution in a Jointed Foundation

Several authors, notably Krsmanovic and Milic (1964),
Trollope and Brown (1965), and Hayashi (1966) have investigated
the distribution of pressure in a fissured or jointed mass loaded
by a strip footing. Krsmanovic and Milic used physical, scale
models incorporating pressure measuring transducers to examine
behavior beneath the foundation, while Trollope and Brown and
Hayashi deduced geometrically progressing load transfer factors
that were used to predict the pressure distribution within the
jointed mass. Of the three models, Hayashi's was used in a
comparison with the Distinct Element method because the tests
Krsmanovic and Milic performed were limited in scope and involved
rupture of the blocks while Trollope and Brown's model relied
upon the development of arching in the load transfer and was
judged to be more applicable to the analysis of the behavior of

a jointed mass on a settling foundation than to a strip loaded

foundation (Trollope, 1968). Hayashi presents three approximations,
each successively more complex in computational effort, to the
distribution of pressures in a jointed, strip loaded foundation.

The first approximation, which actually appears earlier in

Froehlich (1933), approximates the jointed mass as a tiered

assemblage of point loaded simple beams; fhe resultant pressure ¢
distribution for the case of no cohesion or frictional resistance
reduces to the combined Pascal distribution as illustrated in
Figure 3.16. The second approximation determines the elastic-

plastic boundary below which slip no longer occurs by means of the
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normal stress distribution in a fissured foundation
combined Pascal distribution.
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Boussinesq equations and the third approximation attempts to
correct for the conversion of strain energy to heat as slipping
occurs. As the second and third approximations introduce
additional simplifying assumptions concerning the material
behavior, the first approximation was chosen for the comparison
with the Distinct Element method.

One of the resulting comparison plots is illustrated in
Figure 3.17. Even plotted to an exagerated scale, the similarity
is obvious. The maximum discrepancy in the two methods, relative
to the total load, is seen to be only four percent. The
dissimilarity in the two methods arises in Hayashi's failure to
include rotational terms in his analysis. Examining the first
row of blocks beneath the strip load shown in Figure 3.16 suggests
that the central block, owing to a larger load, will undergo a
slightly larger deflection than will the blocks on either side.
This will result in an inward rotation of the two side blocks and
a corresponding increase of load in the region beneath the central
blocks. Following this line of reasoning it is easy to see that
had Hayashi considered rotations in his model, the resulting
pressure distribution would have been, from a qualitative viewpoint,
slightly higher in the central region and lower on the sides

bringing it more in 1line with the pressure distribution calculated

by the Distinct Element method.
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3.8 Summary

It seems appropriate to conclude with a brief summary of the
comparisons just presented, for the credibility of the remainder
of this dissertation depends in part upon the acceptance of the
validity of the Distinct Element method on the basis of the simple
comparisons presented. Using a base shear apparatus, it was
demonstrated qualitatively that the Distinct Element method
calculated kinematically correct responses for several classes of
complex problems where intuitive projections of the resultant
mass deformational response were possible. For those Limit
Equilibrium analyses of block models which represented essentially
static situations, agreement was typically within one or two
percent; even for the more dynamic situation involving multi-
block rotations, agreement was on the order of ten percent.
Finally, for that situation where it was possible to duplicate
all of the assumptions regarding mass behavior, the Distinct
Element method was observed to calculate a pressure distribution
beneath a strip loaded foundation that was essentially similar to
that calculated by Hayashi's (1966) theory.

Confidence in the method depends upon extending this
credibility in the Distinct Element obtained solutions to problems
where analytical solutions are not possible and where intuitive
observations pertain to the mass deformational response are often
not practical owing to the complex nature of the jointing.

There are no readily apparent reasons why extending the

Distinct Element method to models which are more complicated

—— i~
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geometrically should result in answers that are any less acceptable

than those generated for the preceeding comparisons. The Distinct
Element formulation contains no underlying requirements to dictate
where failure surfaces sh:uld develop nor does it require that

the failure mode must somehow be reducible to idealized mechanisms
of arching, toppling, or sliding. No mass elastic response
equations with empirically modified parameters are incorporated in
the model; no "joint elements" need be formulated. In fact, owing
to the explicit nature of the formulation there is not even a need
to form a stiffness matrix relating block deformations to inter-
block loads.

The Distinct Element formulation is oriented toward the

behavior of each block as an individual mass. The kinematic
behavior of each block is independently calculated using Newton's
law of motion; each block senses the blocks surrounding it only as
boundary conditions. If the movement of a block leads to penetra-
tion or relative movement along the surface of another block then
the normal and shear stiffness will lead to interblock contact
forces by a simple application of Hooke's law with an upper
1imit to the forces set by the Mohr-Coulomb relation. These
forces are simply treated as boundary conditions for the first
block. When a contact is broken by a relative displacement between
the two blocks involved, there is no longer a need to consider the
effect that these blocks have upon each other.

In light of this single block orientation of the Distinct
Element formulation there is no readily apparent reason why the

only difference between a problem involving only a few blocks and
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one involving tens or hundreds of blocks should he anything more
than the extended time required to perform the calculations.

It should ke noted, however, that the time step used in the
calculation cycie is sensitive to the number of contact points
a single block experiences at a given time. An increasing number
of contact points can lead to numerical instabilities; this
simply necessitates a reduction in the time step and is not an
indication that the Distinct Element formulation is incapable of
solving problems where single blocks simultaneously experience
multiple contact points. In the present configuration, the
equations are stable up to a maximum of eight points per block.

Additional verification comparisons of Distinct Element
calculated responses are presented in the remaining chapters
whenever it is possible to express quantitatively the behavior
of the block jointed mass under consideration. The high degree
of correlation exhibited by the comparisons presented in this
chapter is also found to be true for the comparisons presented in

the later chapters.
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CHAPTER 1V

THE STABILITY OF UNDERGROUND EXCAVATIONS IN JOINTED ROCK

4.1 Introduction

The first step in a rational support design method must
logically be to predict whether or not a need for support actuaily
exists. Rather than categorically stating that an excavation will
or will not be stable if unsupported, it is more realistic to
analyze a given situation by varying the values of the input
parameters to determine those parameters to which the given
excavation will be most sensitive. Using realistic values of the
design parameters it can be determined if the excavation can be
expected to stand unsupported or if support will be required. This
type of investigation is typically found to be very sensitive to the
input parameters, particularly those such as joint orientation and
spacing, and the magnitude of the pre-existing stress field. Within
the context of the expected variation of the parameters in the
real situation it is then possible to make a qualitative statement
about the stability of the excavation. This typically could be
expressed in one of three ways: (1) within the expected variation
of the input parameters the proposed excavation should be stable;
(2) the expected variation in the input parameters indicates that
the excavation may or may not be stable, suggesting a possible need
for light supports; or (3), realistic variation of the input
parameters indicates that the excavation will not stand unsupported,
suggesting the need for heavier supports.

This chapter presents the results of numerous analyses of the
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behavior of excavations in jointed rock in an attempt to determine
which parameters had the greatest effect on the stability of the
excavation. The models chosen for analyses are characterized by
simple joint configurations and the behavior examined through the
contact forces that exist between the blocks. This behavior is then
interpreted in light of arching theory.

The term arch usually conveys the concept of a vaulted opening
so that arching seems to describe the process by which the vaulted
opening is formed. As used by Woodruff (1966), the term arching
refers to the natural process by which a fractured material
acquires a certain ability to support itself through the resolution
of the vertical component of its weight into diagonal thrust.
Arching theories examine the processes by which this stress transfer
is accomplished.

Arching theories are based upon an analysis of beam behavior
such as that presented by Woodruff (1966) which is illustrated in
Figure 4.1(a). The analysis indicates that zones of tension and
compression exist in the strata above the opening. In recognition
of the fact that rock is relatively weak in tension, the lower row
of the strata above the excavation is represented as being comprised
of two independent blocks. The compressive forces which act to
maintain the stability of the two blocks above the excavation are
illustrated in Figure 4.1(b). The similarity of this force
distribution to that of a three hinged structural arch is obvious;
an analysis of excavation roofs in this manner is often termed
linear arch analysis. As noted in Figure 4.1(b) no vertical force

transmittal to the two roof blocks is assumed to occur. Thus
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linear arch analysis, in this simple form at least, is an analysis
E of the lower row of strata only.
; A significant portion of the results of this chapter are
i based upon the recognition of arching patterns in the Distinct
E Element calculated contact force distributions in the jointed rock
| surrounding an excavation. It is worthwhile then to briefly
describe the origin of the contact forces and the manner in which
the arches are recognized.

The contact forces represent the interaction between the blocks.
A simple illustration is presented in Figure 4.1(c) where one
block is shown on top of another; it is the uppar block that is of
interest. The weight of the block, shown as w in the figure is the
force tending to cause movement. The interaction with the lower

block leads to two contact forces which equilibrate the upper block

weight. The contact forces are calculated from the overlap or

interpenetration of the blocks as described in Chapter 2.8 and
represent an equilibrium condition. The contact forces in more
complex models are calculated exactly the same way.

The recognition of arching in the contact force distributions

is based upon two observations. First, the arching phenomenon is

indicated by the presence of relatively high magnitude contact forces.
Arching involves diagonal thrust, but the vertical component of

this thrust must be at least equal to the weight of the blocks being
supported by the arch action. Since the arch thrusts typically form
at low angles, the horizontal component of the thrust is usually

large. The recognition of arching also is based upon the necessary

i i lianaliiient
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continuity of the force distributions. In particular, a block

which is in equilibrium can have no unbalanced forces acting on it.
Thus, the occurance of high contact forces in a region of low contact
forces can only be possible if some mechanism is acting to transfer
these forces to a high stressed region.

The analyses presented in this chapter indicate interactions
exist within the mass which are typically neglected by arching
theory. The analyses also indicate trends suggesting which input

parameters have the most effect on the stability of an excavation

in jointed rock.




IV-6

4.2 General Observations on Force Distribution Around Excavations

in Jointed Rock

An elastic analysis of the behavior of the rock surrounding
an excavation invariably leads to the conclusion that the vertical
stress component is transferrec¢ to the rock on either side of the
excavation resulting in a region of relatively low stress
immediately above the excavation. This fact has been demonstrated
many times in the past by using photo elastic models and recently
by using Finite Element analysis. A typical plot of stresses
surrounding an opening in an elastic medium is presented in
Figure 4.2(a). Note that a zone of tension exists at the crown.

The Distinct Element method can be used to study the
redistribution of stress due to an excavation in a jointed medium.
As an example, consider the model of the roof of an excavation

presented in Figure 4.2(b). Owing to the discontinuous nature

of the vertical jointina, only blocks in the lower four rows are
able, from a kinematic standpoint, to move into the excavation.
The weights of all of the blocks, drawn to a common scale, are

illustrated in Figure 4.2(c). All of the contact vector distribu-
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tions for the jointed models illustrated in Figure 4.2 utilize the

same force scale. Figure 4.2(d) illustrates the redistribution of ;
forces that occurs as the room is excavated. Analogous to the {
elastic model, the bulk of the stress is transferred to the material

on either side of the excavation and a destressed, triangular zone

js seen directly above the opening. The lower portion of the { !
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Figure 4.2 (a) stress distribution in roof of opening in elastic
medium; (b) model for behavior of jointed roof.




1v-8

T

l

_L i

(c)

4 s - e
i

-
iy

-

o~

(d)

).

(c) block weights for jointed roof model;
following excavation

due solely to block weight

istribution in roof

\
oo opm
{ h —~ =
Vo v\ © Q
\ [T} B =
P p= RS I8 78
. | ' < - 3
» o prd . .110b
_ ey
_-:. i y 1 M S >
: i ; QT O
BER R N
| | - ! <
: .
!
H : Q
IRERE S =
ap— b — g
o
.




weight of

(f)

Figure 4.2 (continued: (e) force distribution in roof due to
block weight and additional load to simulate greater
depth: (f) stress distribution in triangular wedge
supported at lower corners.
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triangular zone is seen to be in tension in the elastic case,
whereas in the jointed model the absence of contact forces at
the center of the bottom row of blocks indicates that the response
of the jointed model is characterized by opening of joints.
Furthermore, the pattern of compressional contact forces in the
Tower portion of the traingular zone indicates that an arch is
forming and supporting the weight of the blocks within the triangular
zone. The formation of this arch is discussed in section 4.3.3.

To investigate the effects of greater depth of the excavation,
a uniform force was applied to the upper row of blocks in the model.
Figure 4.2(e) is a plot of the stress distribution for the case
where the applied forces correspond to a depth of excavation
approximately ten times that illustrated in Figure 4.2(b). The
same relaxed triangular zone characteristic of the low stress
problem can be seen in Figure 4.2(e).

Comparison of the force distributions in the jointed models
with that for the elastic case indicates that although arches are
developing in both cases the support afforded by the formation of
the arch is fundamentally different in the two cases. In the
elastic case a single arch forms relatively high in the roof and
the weight of the material in the destressed zone is supported
through the development of tensional forces. The jointed models
on the other hand develop two arches, one relatively high in the
roof which delineates the destressed zone; and one that acts to

support the lower strata.
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This observation indicates a significant difference between
the behavior predicted by elastic analyses and by the Distinct
Element method. To determine to what extent the elastic behavior
depended upon the continuity of the mass, several idealized models
of roof behavior were analyzed, two of which are described here.

Figure 4.2(f) presents the results of a typical elastic
analysis wherein the destressed zone was analyzed independently of
the surrounding rock mass. The arch is still seen to form in the
upper portion of the wedge of material and the material in the
lower part of the wedge is in tension. This is in direct contrast
to the behavior of the jointed masses analyzed by the Distinct
Element method.

Figure 4.2(g) presents the results of a Finite Element analysis
where the destressed zone was bounded approximately by a series
of joint elements. Once again, the resultant behavior is character-
ized by a high arch and tensional forces; no evidence of arching
action in the lower portion of the destressed zone is seen.

The behavior of the roof above an excavation in an elastic
medium is thus seen to be fundamentally different than the behavior
of a similar excavation in a jointed medium. The next portion of

this chapter presents the results of an investigation to determine

the causes of this fundamental difference.




4.3 A Model for the Behavior of Jointed Mine Roofs

The analyses discussed in this chapter deal with the behavior
of the roofs of excavations in a medium where jointing is vertical
and horizontal. The models have been kept simple deliberately so as
to gain insight into relationships among the various parameters. As
the overall goal of this study is to demonstrate the usefulness of
the Distinct Element method in the analysis of excavation in jointed
rock, more effort has been expended on demonstrating the effect of
varying the significant parameters than on developing a single, all
encompassing equation purported to describe the behavior of mine
roofs.

The majority of the analyses to be discussed utilize similar
jointed models, but although the chosen models are realistic the
limitations were not imposed by the Distinct Element method as such;
the techniques presented in this chapter are equally applicable to
any model configuration. Although outside the scope of this study it
is easy to envision an eventual compendium of various model geometries

that portrays graphically the differences in the behavior of models.

4.3.1 The basic model

The basic model used for analysis consists of a rectangular
opening in a rock mass with continuous horizontal jointing and
discontinuous jointing in the vertical direction as shown in Figure
4.3. This model does not consider the effect of joint inclination
but does allow for variation of the span aspect ratio of the hlocks

and friction angle of the joint surfaces.
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Figure 4.3 Jointed model upon which analysis was based. (0 is

span width, w 1s block width, t is block thickness and
h is height of the triangular wedge.

Figqure 4.4 Diagramatic section of a roof fall (After Jones and
Davies, 1929).
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As justification for the use of the model a brief summary is
given of four previous studies comprising theoretical calculations,
laboratory as well as field observations and measurements, which
utilized a similar model or support the model.
1) Behavior of Coal Mine Roofs
Jones and Davies (1929) presented a summary of their
observations of roof behavior in British coal mines. They found
that roof falls were invariably limited in height, the majority of
the falls extending from 3 to 10 feet upward; falls exceeding 15 feet
in height were considered exceptional. Judging from their description
of the mining methods, the drifts were from 12 to 18 feet wide. They
also concluded that the canopy of the fall was typically stepped along
the sides "in the manner of a stairway viewed from below". A
diagramatic section from their paper is reproduced in Figure 4.4.
2) Loads on Tunnel Supports
On the basis of observations and measurements of timber
crushing in railway tunnels, Terzaghi (1946) proposed a classification
scheme for the estimation of the maximum probable load on tunnel
supports. Figure 4.5 presents one of the models used by Terzaghi
to illustrate his concept that in relatively thin strata with many
joints a peaked roof will develop. According to Terzaghi a constant
load with a height equal to the height of the peaked roof acts to load
the tunnel supports.
3) Laboratory Investigation of Arching
Trollope (1966) utilized a physical model with continuous

joints parallel to the roof and discontinuous jointing in the
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perpendicular direction to demonstrate the behavior of an excavation
roof. Like Terzaghi he concluded that in general, two zones may be

identified within the immediate roof.

Figure 4.5 Maximum probable overbreak if no support furnished
(Terzaghi, 1946)

[ [TTT I IT
[TTTTTITIT] e

Figure 4.6 Trollopes Block Jointed Model (Trollope, 1966)
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The first is inherently stable; the other zone which he referred
to as the suspended zone, corresponds roughly with Terzaghi's
triangular zone. Whereas Terzaghi concluded that the material within
the zone would load the tunnel supports, Trollope was more concerned
with the development of arching and stability within the suspended
zone. Trollope's model is shown diagramatically in Figure 4.6.

4) Theoretical Stability Analysis of Underground Openings

Wang, Panek and Sun (1971) utilized Finite Element analysis
techniques to determine the stress distribution surrounding excavations
in a homogeneous medium. The maximum shearing stresses so calculated
were then utilized in a Limit Equilibrium analysis to determine
potential fracture surfaces. If the potential fracture surfaces
were found to be unstable, they were termed critical. Although not
directly applicable to problems of jointed rock, their results
nevertheless indicate that the critical fracture surfaces define
triangular wedges above the excavation. Possible and critical
fracture surfaces calculated by their method for square and rectangular
openings are illustrated in Figure 4.7. These plots indicate an
expected maximum height of the triangular wedge of frém 0.15 to 0.5
times the excavation width depending upon Poisson’s ratio and the

coefficient of internal friction.

4.3.2 Properties of the basic model

Referring once again to Figure 4.3 it can be seen that, by

kinematic considerations, a triangular wedge of material is free to
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move into the excavation. The height of this triangular wedge
(referred to by Terzaghi as overbreak and by Trollope as the height
of the suspended zone) is easily calculated in terms of the excava-
tion span and the thickness and width of the blocks defined by the
jointing pattern.
The number of blocks (b) in the bottom row of the roof strata
is given by:
b= 0/w
0 is the true span of the excavation
w is the block width
(Note that span is defined as illustrated in Figure 4.3)
Restricting the analyses to the case where all blocks are
identical, it is easily verified that the height of the triangular
wedge is given by:
h=b .1t ' 4.1
where: t is the block thickness
In terms of the aspect ratio of the blocks (A = t/w)
h=0.A 4.2
Equation 4.2 is plotted in Figure 4.8 as a family of curves
representing the wedge height as a function of span for various aspect
ratios; the block shapes are also illustrated for several values of
the aspect ratio. The curves represent kinematic considerations only
and indicagé“that inéfeasing the aspect ratio of the blocks has the
effect of increas;ng the height of the t;;?;gu]ar wedge and thus, for

a constant block width, the volume of material that tends to move into

LM,. - m‘_ﬂ—w———-——-‘__l
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the excavation. The curve corresponding to an aspect ratio of 0.5
is plotted more boldly since this is the equation for the height of
the arch in stratified rock according to Terzaghi.

The graph is presented without units since the axes are

consistent; that is, if the span is measured in meters, then the

height of the wedge will be in meters.
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Figure 4.8 Relationship between span width (0), and height of
suspended zone (h) for various values of the aspect
ratio (t/w) of the model illustrated in Figure 4.3.
The aspect ratio of the blocks is graphically portrayed.
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4.4 The Stability of Roofs in the Absence of Arch Development

The simplest model of roof behavior considered comprises
excavations where the roof strata form a monolithic block and
resistance to downward movement of the roof strata is provided only
by frictional resistance acting along the vertical sides of the
block. Owing to the complete absence of flexural deformation in this
model, arching behavior is unable to develop. Typical geometries of
the roof block are illustrated in Figure 4.9.

In models of this type, Limit Equilibrium principles are often
used to develop the governing equation (see for instance, Szechy,
1970). The idealized force distributions shown in Figure 4.9 were
used to derive a relationship between the horizontal thrust (M), the
total weight of the roof block (W) and the friction angle (¢). In
order to derive this relationship, an assumption regarding the relative
magnitudes of the frictional reaction (R], etc.) must be made. To
make the models illustrated in Figure 4.9 statically determinate two
assumptions must be made: first, it is assumed that full frictional
resistance is mobilized at all points of contact; and, second, it is
assumed that the frictional resistance vectors are symmetric about
the block. Under these assumptions, equilibrium principles can be
used to derive the equation relating horizontal force to block weight
and friction angle. This relationship is:

H=1/2 Wcot ¢ 4.3

A number of monolithic roof geometries were analyzed by the

Distinct Element method for purposes of comparison to equation 4.3.

The results of these analyses are presented in Figure 4.10 where the

joint plane angle of frictiun required for stability is plotted as
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Figure 4.9 Limit Equilibrium models for roof behavior under
frictional suspension.
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Figure 4.10 Friction angle (#) required for stability as a function
of horizontal force (H) and roof weight (W) in a non
arching model.
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a function of the applied horizontal force and the roof weight. The
family of curves plotted in Figure 4.10 was generated using equation
4.3; it is readily apparent upon inspection of the figure that there
is a high degree of correllation between the horizontal force
required for stability as calculated by equation 4.3 and that
calculated by the Distinct Element method.

In the derivation of equation 4.3 it was assumed that full
frictional resistance was developed at sliding contacts and that the
frictional resistance developed symmetrically. Figure 4.11
illustrates that this is indeed the case; the three representative
geometries presented in the figure have rully developed frictional
resistances and the symmetry is obvious. The reason that some of
the contact forces point away from the sliding block and that some
point toward it is due to the plotting convention of the Uistinct
Element program. Since each contact point comprises two blocks,
there must be a force acting on each block. The convention

adopted is to plot the force corresponding to the edge upon which

sliding is occuring.
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Figure 4.11 Frictional resistance developed in no-arching

models at onset of sliding failure.
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4.5 An Examination of the Stability of Jointed Roofs

4.5.1 The Voussoir arch

The concept of an arch is of fundamental importance in the study
of the way in which loads are transfered to the sides of an opening.
Relatively large, unsupported spans in jointed rock can only be
obtained if the major portion of the load due to the overlying strata
is carried to the abutments through arches forming in the jointed rock
immediately above an excavation. As an aid in visualizing the way
in which an arch develops in jointed media, it is instructive to
examine a particular type of masonry structure which utilizes arch
principles to transfer gravity loads to abutments. This structure
is known as the Voussoir arch and examples of this type of arch can
be seen in the ancient Roman aquiducts and in the vaulted ceilings
of European cathedrals. The Voussoir arch is still in common use
today for purposes stich as relieving the loads on a lintel over a
window or for bridging the span of a road.

Despite the widespread usage of the Voussoir arch in masonry
construction, the first rational attempts to quantify the behavior of
the Voussoir arch did not appear until Pippard, Tranter and Chitty
(1936) and Pippard and Ashby (1938) published the results of an
extensive experimental study of the mechanics of the Voussoir arch.

A significant outcome of their research was the observation that a
Voussoir arch could be analyzed as a three hinged, and thus statically
determinate, arch.

The analyses, performed by Pippard, Tranter and Chitty and Pippard

and Ashby are significant to this present study for at least three
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reasons:
1) the analysis was an attempt to quantify the behavior
of a jointed medium;
2) the results of the theoretical studies were compared
to physical models; and
3) the method of analysis introduces the general
calculation techniques of linear arch analysis.
It would seem worthwhile, therefore, to devote some detail to the
above mentioned work.

Figure 4.12 illustrates a Voussoir arch as it might occur as a
structural element of a small bridge. Descriptive terminology for
the various components of the arch is identified in the figure. The
wedge shaped blocks which comprise the arch are individually known as
voussoirs; they are usually disposed symmetrically about a central
voussoir known as the keystone. Pippard and Baker (1948) summarized
the earlier work of Pippard, Tranter and Chitty (1936) and Pippard
and Ashby (1938) and noted that no single voussoir is more important
structuraliy than any other and that a keystone is not an essential
feature of the arch. The keystone is an aesthetic and traditional
feature rather than a structural requirement; thus a Voussoir arch
can be stable even with a central joint present.

As previously mentioned, the research of Pippard and his co-
workers indicated that the force distribution in a Voussoir arch
would be statically determinate, in the absence of fixity at the
abutments, owing to the development of three hinges. For a symmetrically

loaded Voussoir arch two of the hinges were seen to be loacted at the
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Figure 4.12 A typical Voussoir arch application with component
parts identified.
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Figure 4.13 Nomenclature used in analysis of a non-symmetrically

loaded Voussoir arch. For a description of identified
variables see the text.
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abutments with the third hinge at midspan if a central joint existed
or on one of the faces of the keystone if it were present. For the
case of non-symmetrical point loading the two abutment hinges
developed as in the symmetrical case, but the position of the third

hinge was initially variable, typically located somewhere on the

extrados between midspan and the loaded voussoir. Increased load or
abutment movement caused the position of the variable hinge to move
closer to the loaded voussoir; when the hinge reached the joint next
to the loaded voussoir on the midspan side, it did not change its
position again until failure had occured.

The observations concerning the formation of hinges, coupled with
the results of the other analytical and experimental studies performed
by Pippard and his co-workers provide good data for checking the
accuracy of the Distinct Element method as well as introducing the
techniques of linear arch analysis which will be used extensively in
this chapter.

The idealized model used in the present study is illustrated in
Figure 4.13. The model arch is circular in shape and the abutments
subtend an angle of 20. Hinges are assumed to develop at the
abutments and at the extrados of the joint nearest the point of
application of the external load W on the side nearest the crown.

Each individual voussoir subtends an angle of 28 and has a weight w.
The voussoirs are numbered consecutively from 1 at the keystone to
m at the abutment; thus the total number of voussoirs in the arch is

2m-1. In addition to the external load, the arch is also loaded by
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its self weight. With respect to the non-abutment hinge, self weights
of magnitude aw and bw act on the shorter and longer spans respectively,
as illustrated in Figure 4.13. The points of application of the loads
are located as follows: the external load W is applied at the centroid
of voussoir number n; the longer span load is located at an angle &

clockwise from the vertical; the shorter span load is Tocated at an

angle n counter clockwise from the hinge which in turn is located

at an angle ¢ counter clockwise from the vertical. It is easily shown

that for an odd number of voussoirs; j
n=¢g=(m-n+1)6;
¢ = (2n - 3) &; i
6 =(2m - 1) §; 4.4a % ]
a=m-n+1; and %

b=m+n-2
For a Voussoir arch with an even number of voussoirs a sltight : ;
modification must be introduced; the voussouirs are numbered
consecutively from the crown joint starting with 1 and ending with
m. Thus, these are 2m voussoirs in the arch. The corresponding

parameters are given by:

n=&=m-n+1)6;

¢ =2(n-1) &

8=2md; 4.4b
a=m-n+1; and

b=m+n-2

The analytical approach used by Pippard, Tranter and Chitty
(1937) involved the determination of strain energies and application

of Castigliano's theorems. This approach was necessary because they

e S
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were interested in displacements as well as forces and because they
analyzed indeterminate as well as determinate arches. Since the
present study is limited to three hinged arches which are statically
determinate, a simpler analytical method has been adopted.
Equilibrium principles provide the means to determine the force
distribution in a statically determinate structure and have been
used to derive the following equations.

The horizontal force H induced by a point load of magnitude W
applied at the centroid of voussoir n subject to the development of

hinges in the manner previously described is found by the superposi-

tion of the horizontal force Hw due to the external load and the
horizontal force Ho due to the self load. These horizontal forces
are calculated by taking moments about the midspan hinge and using i
an equation expressing vertical equilibrium.

The horizontal thrust due to the self weight of the arch is

given by:

Hg =((sine - sing) Ly - aw (sin (¢ + n) - sin)) ooy reosg -5

The quantity Ls represents the vertical abutment reaction on the

shorter span due to the self weight of the arch and is given by:

]
Le =((sind + sin (6 + n)) aw +(sind - sin n) bw) 75in8 4.6
The horizontal thrust due the applied point load is given by:

H = (L (sin6 - sin (¢ + §) - W(sin(¢ +8) - sing)} 1
W ( | )cos¢ ~coss 47
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The quantity LW represents the vertical abutment reaction on the

shorter span due to the point load and is given by:

w sin 6

L = %‘ ( 1+ Sin (o * §) ) 4.8

To demonstrate the validity of the above equations, several
data peicts from Pippard and Baker (1948) are plotted in Figure 4.14a
with the plotted curve representing the ratio of horizontal force to
applied load, neglecting the self weight of the arch, given by
equations 4.7 and 4.8. Since Pippard and Baker did not present their
analytical expressions for the ratio of horizontal thrust to applied
load, the parameters used in equations 4.7 and 4.8 were scaled from
drawings in their paper. In light of this limitation, the fit of
the data points to the theoretical expression can be described as
quite good.

The Distinct Element method was used to analyze several Voussoir
arches. The results of one of these series of tests are presented in
Figure 4.14b. The theoretical curve presented in the figure
represents the horizontal force due to an applied point load,
incorporating the horizontal force due to the self weight of the
arch, as given by equations 4.5 through 4.8. In this case, as in
other Voussoir arches analyzed by the Distinct Element method, the
test points fit the theoretical curve quite well, and suggest that
the Distinct Element method is capable of reproducing the results

of the physical model tests performed by Pippard and his co-workers.

—
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Figure 4.14(a) Horizontal thrust developed due to an applied point
load neglecting the self weight of the arch.
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Figure 4.14(b) Horizontal thrust due to an applied point load
incorporating the self weiqght of the arch.
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To complete the discussion on Voussoir arches it is instructive
to examine the force distribution in the arches for several cases as
calculated by the Distinct Element method. The geometry of the arch
and two force distributions for different positions of the applied

point load are presented in Figure 4.15; also shown in the figure

is the geometry of the arch at failure in response to increased load.

Immediately apparent in both force distributions is the formation of
the midspan hinge as evidenced by absence of contact force on one
corner of the loaded block. Pippard and Ashby (1938) concluded that
the position of this hinge was invariable once finite displacement
of the abutments or sufficient loading had occured. As previously
noted, the hinge always formed on the extrados of the arch on the
midspan side of the block to which the point load had been applied,;
in all of the arches analyzed by the Distinct Element method the
midspan hinge was seen to develop in the manner described by Pippard
and Ashby.

The force distribution in the arch is also indicative of the
way in which the failure of the arch ultimately occurs in response
to increased loading. Examination of the force distributions in
Figure 4.15 (b) and (c) show that in both cases the longer span is
experiencing far less compressive force on the extrados than on the
intrados. As the externally applied load is increased to induce
failure, the geometry shown in Figure 4.15(d) develops. The
increased load leads to the development of a fourth hinge on the

arch at which point the arch collapses. The position of the fourth
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Figure 4.15 Variation in force distribution with the position of
the applied load, and the ultimate collapse of a
Voussoir Arch.
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hinge is not as predictable as the other three, and is complicated
by the fact that slippage may occur along the sides of the voussoirs.
The method of calculation of the critical external load, which
involves trial and error procedures and is beyond the scope of this
brief introduction to Voussoir arches, is discussed by Pippard and

Baker (1948).

4.5.2 Arching conditions in jointed roofs

As early as 1885 (Jones and Davies, 1929) Fayol demonstrated
that an arching action could occur in bedded roofs and would act
to shield the immediate roof from the full weight of the overlaying
material. The fact that the height of the dome formed when a mine
roof failed was limited was taken by Jones and Davies as further
evidence that arching action was occurring and acting to transfer the
bulk of the vertical load to the adjacent pillars. At a later date,
Evans (1941) proposed that arching was also occurring within the
immediate roof in the manner of a Voussoir Arch.

Evans characterized the behavior of the lower strata in a mine
roof as a jointed beam within which the stresses were distributed in
the manner of a modified three hinged arch. As downward disptacement
of the beam occuyvs, the central joint opens in response to "bending"
induced tension and the compressive forces are increased at the
upper contact. The analogy to a three hinged arch is clearly seen
in the postulated pressure distribution which is illustrated in

Figure 4.1. Because the manner in which the forces are distributed

R
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resembles the classical Voussoir arch, this type of analysis is "
often referred to as Voussoir beam analysis.

Evans' research, and that which followed, was concerned with

the stress state and subsequent fracture of the strata within the

immediate roof above the excavation and is not directly applicable
to the present study. The concept of two separate pressure arches
in the roof strata is, however, of interest.

In the discussions that follow, the pressure arch that carries
the weight of the superincumbent strata to the sides of the excava-
tion will be termed the ground arch; the lower arch that forms
within the wedge of failing material will be termed the roof arch.

The analyses that form the basis for the discussion presented
in this chapter indicate clearly that the stability of the roof of
an excavation in jointed material is dependent upon the formation
of the roof arch. In fact, the general pattern of force distribu-
tion in the basic model of this study is that illustrated in
Figure 4.2(d). Most of the weight due to the overlaying strata is
transferred to the abutments through the ground arch; the stability
of the resulting destressed zone is maintained through the
development of the roof arch in the lower strata. Specific
departures from this general pattern were observed in those
instances where the horizontal stress field was greater than that
required for stability and in those instances where the block

thicknesses exceeded some critical thickness. Both of these occur-

rences inhibit block rotations and thus the development of arching.
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Although it may be arqued that the geometry of the basic model
forces the development of the ground arch in the manner of a corbel,
the following examples demonstrate the formation of both arches
even in those cases where the geometry of the blocks does not act
to aid the formation of the ground arch.

Before proceeding with the discussion it is appropriate to
mention a factor common to all of the Distinct Element models
presented in this chapter. The horizontal stress field is modeled
by means of loads applied at the centroids of the outermost blocks.
Additionally, these blocks are modeled as having no frictional
resistance to lateral movement. The result of this approach is
thav the horizontal stress thus has the characteristics of a
"following load"; the horizontal stress field always remains
constant and is independent of lateral displacement. This
simplification was necessary because the rigid blocks of the Distinct
Element formulation do not allow blocks peripheral to the excavation
to accomodate movement through elastic strain. If this approximation
is not made, the modeled geometries are so stiff that failure does
not occur. The analyses therefore cannot model the effects of
varying the joint stiffness or of the dilatant properties of real
joints. The analyses do, however, closely approximate the conditions
modeled by linear arch analysis and are considered to be valid,
though rudimentary, approaches to modeling the behavior of excavation
roofs.

Figure 4.16(a) illustrates an example of the basic model; if

complete failure were to take place, blocks from the lower six

i
]
i
1
{
g
]
|
{
i
y




t block weight

ground
destressed arch
region
[ —
/
//
—//

.

//r\\

./

rN\}

arch (b)

Figure 4.16 Formation of the ground and roof arches in a
vertically discontinuous jointed model.
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Figure 4.17 Roof and ground arch development inhibited due to
high horizontal forces.
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rows would move into the excavation. However, sufficient horizontal
pressure is present so that the configuration is just stable. The
distribution of contact forces is as illustrated in Figure 4.16(b).

Although examination of Fiqure 4.16(b) indicates that the
middle joint in the lowest row of blocks has opened at its lower
contact, the configuration of blocks is, nevertheless stable. The
mechanism that is responsible for this stability is the development
of the roof arch. The relaxed or suspended zone can be seen to
extend upward roughly four-fifths of the span distance.

The magnitude of the horizontal force has a significant effect
upon the behavior of the blocks in the lower roof. Figure 4.17
illustrates the same geometry as Figure 4.16(a) but in this case
the horizontal force has a greater magnitude. The force distribution
indicates that full contact is maintained across the central joint
of the immediate roof and that stability of the roof is due solely
H/@oﬂfrigtignalﬁsuppgrt at the abutments in the manner bf a moho)ithic
roof.

Significant arching has not developed in this model but the
amount of horizontal force necessary to prevent arch formation and
thus support the roof by frictional resistance alone is approximately
twice as large as that required for stability under conditions where
the roof arch develops. It should be noted that if the lower roof
comprised a single block, the amount of force required to stabilize
the configuration by frictional resistance would be less than the
case where arching develops.

Two examples where the jointing pattern does not involve

R _u_.m._-M
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corbelling are included in this section. These examples demonstrate i %
f

the development of both the roof and ground arch in two instances : %
where the geometry of the rock mass does not necessarily act to é
force the development of two arches. Figure 4.18(a) illustrates a

model with continuous jointing in the horizontal and vertical

directions subjected to a horizontal force just sufficient to

maintain equilibrium. The resulting force distribution is illustrated

in Figure 4.18(b); the behavior of the roof is again characterized

by a relaxed zone extending upwards roughly two-thirds the width

of the span. This zone is supported by the roof arch. The ground

arch is clearly developed but not to the same degree as would be

expected in the previous model, where the geometry of the model aids

the development of the ground arch.

Figure 4.19(a) illustrates a model geometry with continuous
vertical jointing but discontinuous jointing horizontally; as with
the model shown in Figure 4,18, the continuity of the vertical
jointing was expected to inhibit the formation of the ground arch
and allow the mass to fail monolithically. The force distribution,
however, indicates that once again, both the ground arch and the
pressure arch have formed and led to the characteristic relaxed zone,
although in this case the height of the relaxed zone extends only
one-third of the span upwards into the roof.

The block movements that lead to the development of arches are
primarily of a rotational nature. The rotations arise as the unequal

forces on opposite sides of a block,which arise as the blocks move ,
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Figure 4.18 Formation of ground and roof arches in a continuously
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Figure 4.19 Formation of the ground and roof arches in a
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cause a moment imbalance about the centroid of the block. In the
case of a stable configuration, equilibrium is maintained through
horizontal thrust whereas in an unstable configuration, the rotation
can continue since sufficient equilibrating forces cannot be
developed. Figure 4.20 illustrates a block geometry (a), the contact
force distribution (b) and the block rotations (c) corresponding to
the contact force distribution. Comparison of (b) and (c¢) indicates
: that: all significant rotation is occurring within the suspended

; zone; the magnitude of the rotational movement decreases with depth

into the roof; and, contact forces within the suspended zone are

- primarily normal to joint surfaces even though this is where the

. most significant rotation has occurred. The development of the

L ground arch as seen in Figure 4.20(b) indicates that the suspended

zone extends approximately four rows of blocks into the roof. The

E~ development of the roof arch can also be seen. Considering the

£ cm moee e -pelative magnitudes of the rotations of the blocks maintaining
these arches, it is interesting to note that larger forces are
developed in the ground arch even though the rotations are smaller.
This is probably a reflection of the higher degree of confinement
of the blocks maintaining the ground arch. The blocks adjacent
to the excavation are free to rotate somewhat into the excavation.
The next row of blocks upward thus has the freedom to rotate toward

the excavation although not as much as the Tower row. Successively

less rotation is permitted until at the limit of the suspended zone,

minimal rotation is occurring.
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Figure 4.20 Contact forces and corresponding block rotations.
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Figure 4.21 Development of block rotation as failure initiates.
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As failure conditions develop, further rotation occurs as can
be seen in Figure 4.21. The most significant change in rotation
occurs in the Towermost row where the magnitude of the rotations of
the inner two blocks of the lower row remain constant but those of
the outer two blocks increase to a value greater than that of the
inner blocks. This deflection then allows the blocks in the next
row upward to deflect and rotate, effectively moving the loosened

or suspended zone upward.

4.5.3 The development of arching in single layer models

The development of arches in mine roofs is often explained
by recourse to simple models from linear arch theory (e.g. Woodruff,
1966) such as those illustrated in Figure 4.23. The force distribu-
tion in this type of model is that of a three hinged arch and can
be readily deduced as the model is statically determinate. Consider
the left hand side of the symmetric model as illustrated in Figure
4.22, vertical equilibrium shows V = W, and moment equilibrium

about point a shows:

_ Wo

H=2t

4.9

0/2

v

Figure 4.22 The Linear Arch Model
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Figure 4.23 Typical block models for linear arching study.
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This force distribution represents a limiting condition; as vertical
deflection of the beam causes the contact at the lower face to be
broken, the value of the lever arm t decreases and thus an increasing
value of H is required for stability.

Analyses by the Distinct Element method of several linear arch
models is summarized in Table 4.1 and indicates that Equation 4.9
may be used to predict the horizontal thrust required for stability
in certain instances. These data show that equation 4.9 is correct
for low aspect ratios of the blocks but loses validity as block
thicknesses increase and friction coefficients of the joints
decrease. For larger block thicknesses and lower friction
coefficients, the horizontal thrust required for stability is found

accurately by equation 4.3 which is repeated here for convenience:

H = W2 cot ¢ 4.3

Analysis of the force aigtributfon af fai]urerpraQides insight into
this discrepancy. Figure 4.24 illustrates the force distribution at
failure in models C, A and D. Figure 4.23(a) illustrates conditions
at failure for model C with y = 0.5. Full frictional resistance is
mobilized on the abutment joints and compression is transmitted
across the lower contact of the mid span joint. Although arching

is developing, failure is by sliding along the abutment joints.
Figure 4.24(b) illustrates the force distribution for model A with

p = 1.0. Arching is fully developed as evidenced by the absence of

force transmittal at the lower mid span joint contact. An important

distinction in this case is the fact that frictional resistance is




Table £.1  Supmary ¢f Linaar Arch Models

Friction Pred1fé§§§Fa1lure Observed
Coefficient 4" Side toad Observed
Mode] u Arching S1iding at Failure Failure Mode
.25 500 280 500 2 Arching
pl 5 500 140 509 Arching
1.0 500 70 500 Arching
UV S — [P
.25 500 | 550 550 3 STiding
B .5 500 280 500 Arching
1.0 500 140 500 Arching
.25 500 | 1120 1110 Stiding
C 5 500 | 560 550 STiding
1.0 500 280 490 Arching
e e e T T T T T _‘*'f_
.25 500 25380 2550 sTiding e
D 5 500 650 650 $1iding

' Notes: 1 Geometry of models
3 Model A t

= 25, 0 = 700, 2 block linear arch model
1 Model B t = 50, 0 = 700, 2 block linear arch model
Model C t =100, 0 = 700, 2 block linear arch model

Model D t =225, 0 = 700, 8 block, voussior beam

2 Difference in calculated side load for arching models is
typically less than 2%.

(&8}

Difference in calculated load for sliding models is
1 typically less than 1%.

4 Equation 4.1 may be rewritten by recognizing that W is a

function of t and 0 (W= tx %— X dj; substitution leads to
(density, d = 1) H - Q? and thrust is thus independent of
8

block thiclkness.

—— e -

——
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(a)

(b) :

(c)

Figure 4.24 Force distributions in linear arch model (force scale
from Figure 4.23).
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not fully developed aleong the abutment joints. The vertical
component of the abutment reaction is equal to the weight of the
roof block while the horizontal component is equal to the horizontal
thrust required to maintain stability against arching (equation 4.9).

This fact permits the calculation of the critical friction

coefficient that delineates arching failure from frictional sliding
in the linear arch model. Consider an opening of span 0, with the
roof blocks having thickness t, and weight W per block. From linear

arch theory, the thrust developed during arching is:

- W0
H = 1% 4.9

The critical friction angle (¢ crit) is the inverse tangent of the

ratio of the block weight and the thrust force:

¢ crit = tan”] (%%? 4.10 [

If the friction angle of the joints is greater than this
critical value, sliding cannot occur and failure, if it occurs, will
be by true arching. On the other hand, if the friction coefficient
on the joints is less than this critical value, sufficient frictional
resistance cannot be developed and failure occurs by sliding.

Equation 4.10 is plotted in Figure 4.25; this figure may be
used to determine if, for a given span and block thickness, failure
will be by true arching or by slippage with only partial development
of arching conditions. The equation has been found to be correct for

all linear arch models analyzed.
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Figure 4.25 Critical friction angle as a function of excavation
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4.5.4 Arching in multilayered models

In the preceeding section relationships were developed that
were found to predict accurately the horizontal thrust required for
stability and the failure mode for the single layer, linear arch or
Voussoir beam model. The application of these relationships to
multilayered modeis has not been as successful. Figure 4.26
illustrates a summary of stability conditions for a number of tests
of the basic model geometry. Whereas in the linear arch model,
comprising a single layer of blocks, errors in the predicted
failure load were less than 2% for arching failure and less than
1% for sliding failure, the corresponding errors for the multilayer
cases were as much as 40% for arching cases but still less than 1%
for sliding cases. Pertinent data of the multilayer tests are
summarized in Table 4.2.

It is prudent at this time to digress momentarily to discuss
the origin of the data presented in Table 4.2. In a typical stress
analysis the relationship between the parameters can be expressed
as an equation and a unique answer obtained by some solution
technique (viz. inverting the stiffness matrix in a Finite Element
analysis). In the Distinct Element method, as in other nonlinear
explicit methods, the problem geometry is defined, the boundary
conditions are specified and subsequent motion of the blocks is
observed; equilibrium occurs as the force distribution converges to
a situation where the relative accelerations of the blocks approaches

zero. In terms of the problem at hand this means that a set of

~ e Y s
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Table 4.2

Summary of Multilayer Arching Tests

Predicted Side Loads (W) at Failure 2 Observed Side Loads (H) at Fatlure® Observed 3 :
o) b W Arching pl0 05 w03 1025 gerttd pl0 0.5 pu03 p025  Kode :
0 20 1 106 460 53 106 176 . 0.1 55 105 V7S - 55,5 i
0 20 2 106 460 53 106 - 212 o 85 425 - 465 AALA i
0 20 3 Mo 480 ss 10 185 - 0.1 a0 470 515 - RALA g
0 20 ¢ 10 480 - e 193 - o - 580 650 - S ALA ;
750 20 6 120 560 6 120 - 240 0.1 650 725 . 800 AALA ‘
0 4 2 230 500 ns 2w . 460 0.23 00 N5 - a5 BALA
70 S0 4 200 420 - 290 - - 0.29 . 575 - - - he-
0 S0 2 285 500 143 285 . 570 0.29 475 560 - 600 AAA
600 50 2 230 345 ns 230 - - 0.33 300 350 . - RA,-
600 40 4 19 360 - 196 - - 0.25 - 300 - - - \A,-
500 S0 2 180 225 30 180 - - 0.40 00 225 - - AA,- :
40 25 4 85 190 a8 . 170 0.22 10 115 - 200 AAA ]
83 100 2 60 570 05 610 - 1220 0.50 25 625 - 2 5,5.5
800 100 1 €0 570 305 600 - 220 0.5 305 615 o 1210 5,5,5

Notes: 1 O {s the true span, t is block thickness, b s number of blocks in lower row of strata and W is total weight
of blocks in lower row. All dimensions are consistent computer units.

2 Predicted side loads (H): Arching failure Toad from equation 4.9, STiding faflure Toads, for varfous values
of friction coefficient u from equation 4.6.

3 Critical friction angle delineating sliding and arching, equation 4.10.
4 Load (H) observed at failure in Distinct Element model for several tests of same geometry.
§ Observed mode of failure (S - sliding, A - arching) for each of the tests of same geometry. Columns

correspond tn high, medium and low value of joint friction coefficient. "-" indicate. no test data for that
value of u.
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) Figure 4.26 Summary of multilayer arching tests (all dimensions
in computer units).
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boundary conditions is applied and the program allowed to run until
it is determined that the geometry is stable. The boundary
conditions are then incrementally modified and again the program is
allowed to run. This iteration is then continued until failure
occurs. Thus, each data point on Figure 4.26 represents a limiting
condition deduced by a minimum of four or five computer runs.

The problem of determining equilibrium conditions is discussed
further in Appendix B.

Tabulated in Table 4.2 are predicted side loads for stability
obtained by Equation 4.9 for arching conditions and by Equation 4.6
for sliding conditions. The observed loads at failure are also
tabulated and comparison indicates a general divergence from the
predicted values. Nine of the tests developed sliding failure modes
and are indicated by a circular symbol in the plot of Figure 4.26;
the remainder of the tests developed full arching failure modes and
the data points are seen to follow the general trend of the linear
arch model as represented on Figure 4.26 by the square symbols.

In those tests where failure was by frictional slippage, the
side loads were typically within 2% of the value predicted by
Equation 4.6; the indication being that in those cases where full
arching does not develop, Equation 4.6 may be used to assess the
stability of a mine roof. For those tests where stability is
dependent upon full development of the roof arch however, the
error relative to the predicted side loads ranges from about 5% to

40% with the average error equal to approximately 17%. The only

consistent trends in the errors are that the error increases with
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the number of blocks in the lower row and that for a fixed geometry
the error either increases or moves from negative to positive as
the friction angle increases.

Analysis of the linear arch, single row models led to the
calculation of a critical friction angle (Equation 4.10) that was
found to predict accurately the dividing line between failure by

arching and failure by sliding along the abutment joints. The

tangent of the critical friction angle for each of the multilayered
block tests is also tabulated in Table 4.2; several instances can
be found in the table which illustrate discrepancies between actual
and predicted failure modes with arching failure modes developing
in several instances where the critical friction angle concept
predicted a sliding failure mode.

Examination of the data indicates that failure by full develop-

ment of the roof arch is more likely to occur than failure by sliding
along the abutment joints. Exceptions to this observation were

found only in those i. .Iances where the development of the arch

was somehow constrained. Specific conditions that lead to failure
by slippage were the expected case where the main roof was monolithic

and arching could not develop, and cases where the block thickness

was relatively large and the main roof comprised only two blocks.
In these instances the horizontal load at failure could be predicted

accurately in terms of the block weights by the use of Equation 4.3:

H=1/2 Wcot ¢ 4.3 i
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The most noticeable departure from the observed behavior of the
single layer linear arch models was concerned with contact force
distribution along the lower row of blocks. In the single layer
models, failure always initiated as the central contact along the
lower face opened; as noted earlier, this was the expected behavior
since the deflection of the blocks reduced the moment arm of the
horizontal stabilizing force resulting in increasingly unstable
conditions. This phenomonon is, however, not indicative of the
behavior of the multilayer models.

The conditions preceeding failure in the multilayer models are
characterized by two common features. First, loss of force
transmittal across the lower contact of the midspan joint is not
indicative of failure. Frequently, significant horizontal force
reduction after the joint opens is required before failure occurs.
The second general behavior pattern that was recognized concerns the
distribution of contact forces in the immediate roof. Figure 4.27
presents a typical multilayer model and a section of its contact
force distribution. The blocks are in equilibrium but a reduction
in the horizontal thrust of approximately 10% would lead to failure;
this is a typical force distribution of a multilayer model at stress
conditions slightly greater than those at which failure occurs.
Three characteristics of the force distribution in multilayer models
have been noted in all models tested and are indicated in Figure 4.27
by the letters A, B, and C. The characteristics are:

A) absence of force transmittal across the lower contact

of the mid span joint
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B) minimal vertical transmittal within the suspended
zone, especially to the lower row of blocks
C) the development of an additional contact force where -
the blocks adjacent to the abutment rotate into the
next upward level of blocks
The second characteristic is to be expected in light of the
model; the corbelling effect of the blocks outside of the suspended
zone acts to lessen the span over which the next row of blocks must
be supported. In this particular case, the span is decreased by
25%, the weight to be supported is decreased by 25% and the required

horizontal force to just maintain equilibrium is 45% of that which

4

is actually being applied. This simple calculation neglects the
vertical force transmittal which is occuring to the second row of
blocks, but the fact that the thrust applied to the second row of
blocks is almost twice that required for stability indicates why

the deflection of the second row is small compared to that of the

I A e SR e
i
.

lower vrow and thus why no vertical force transmittal occurs to
the lower row.

The other two observations, A and C, are closely related and
provide a reasonable explanation as to why the behavior of the

multilayer models depart from the linear arch model. Figure 4.28

is a schematic representation of the two blocks on the left hand
side of the Tower row of blocks in Figure 4.27(a) based on the
. contact force distribution of Figure 4.27(b). The linear arch model
§ is based upon the contact force distribution illustrated in Figure

4.22; comparison of these two figures indicates that the model used

L_&.AL.‘_ P UURNIRPR=RO =" > JRRESV- ST P - (WSO S et ik ki
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Figure 4.27 Contact force distribution in lower rows of multilayer
model.
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for the development of the linear arch equation is not valid for
the multilayer cases. As the lower row of the multilayer model
deflects some rotation of the blocks occurs and leads to the
development of a shearing resistance along the top of the block.

The same phenomenon was observed in the Goodman and Bray Limit

“Equilibrium Model of toppling behavior of rock slopes (section 3.6).

In the Goodman and Bray model the corresponding force was taken as
zero; although this may be valid for the Tow degree of confinement

that exists in near surface problems, the stress conditions

surrounding an underground excavation dictate an elastic interaction

of the blocks. Two blocks cannot just "sit" next to each other
but must act to transmit relatively high forces across their
boundaries. Thus, as the block attempts to rotate it is resisted
not only by the mid span contact force but by an additional
shearing resistance as well. This observation explains the reason
for the inability of the linear arch model to predict accurately
the horizontal load at failure: the linear arch model simply does
not consider all of the forces present. The presence of an
additional shearing resistance also explains how stable conditions
can be maintained even though the lower contact of the mid span
joint is broken. 1In section 4.3.5 it was noted that in the linear
arch model, once this contact opened, the governing equation
dictated that failure must occur. The presence of the additional
force acting on the block tends to maintain equilibrium in a manner
not accounted for by the linear arch model.

Unlike the linear arch model, the force distribution presented

L e g ialincic o neenenstasntiittent st G S
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in Figure 4.28 is statically indeterminate. To develop an equation
relating span, block thickness, joint spacing, block weights and
friction coefficient would require that two assumptions be made
concerning the forces. The logical assumptions would be to assume
the development of full frictional resistance of the two contacts
experiencing shear. However, in the majority of tests run, full
frictional resistance was not seen to develop at either contact.
Rather, the Distinct Element method can be used to study each

model on an individual basis and develop relationships not subject

to arbitrary assumptions regarding the force distributions.

Figure 4.28 Force distribution observed during arching in
multilayer models.
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4.6 Use of Results in Design

The results from the previous Distinct Element runs can be
expressed in a way that may be useful for design pu-poses. The

two examples presented below utilize the data of Table 4.2 to derive

empirical relationship between parameters. These relationships are
characterized by errors in the order of 4% rather than the 40% error
@ experienced when using linear arch theory to predict the horizontal
thrust.

The first example derives a relationship between the horizontal
force required for stability, the number of blocks in the bottom row,

(a factor which is analogous to joint spacing) and the friction

angle of the joints, in models similar to those shown in Figure 4.3.
The excavation width and the block thickness are constant in this
analysis. The data points, which represent the failure conditions
for 11 test models, and the associated linear trends are plotted in

Figure 4.29. The linear trends in the figure are members of a

family of curves represented by the equation

] H = 314.3 - 59.5 tané + (87.3 - 19.3 tand) b 4.1

with all dimensions expressed in consistent computer units. Also
included in the figure is a horizontal dashed Tine which represents
the value of horizontal force necessary to maintain roof stability
as calculated by linear arch theory. The data points corresponding
to a monolithic lower roof (b = 1) are included on the plot and ave
scen to deviate from the trend of Equation 4.11; the frictional

resistance relationship (Equation 4.6) predicts these values
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correctly.

For a constant span and block thickness, linear arch theory
predicts that the value of horizontal thrust should be a constant
and does not consider the effect of friction. The actual data
indicate that a linear relationship exists between horizontal thrust,
Jjoint spacing in the roof and friction angle of the joints.

The data values indicate that the side force required for
stability increases both as the joint spacing decreases and das the
friction coefficient of the joints decreases.

The second example illustrates a relationship between the
horizontal force required for equilibrium, the joint friction
coefficient and the excavation span for models of the type
illustrated in Figure 4.3. In this example the models have a
constant block thickness and are characterized by a single midspan
joint. The Tinear nature of the relationship can be observed in
Figure 4.30. The linear trends plotted in the figure are members

of a family of curves represented by the equation:

H = 190 tan¢ - 540 + (1.59 - 0.48 tan¢) 0 4.12

and fit the data with a maximum error of approximately 2%. Al1l
dimension~d quantities are in consistent computer units.

The dashed line included in the figure is the value of side load
predicted by linear arch theory. The required horizontal force for
stability is seen to increase with span as predicted by linear arch

theory but the 1inear arch theory does not take account of the fact

that en incvease in the joint friction angle reduces the horizontal




IV-69

T -

i
=TT
4 I3
| b e /
= Lmr""“—‘—'mm-"”“—ﬂwf ;A/
Horizontal ]
Force (H) [ //,/’
400 P
(4]
N ,/ﬁ"/ P //// \\\\\\\‘
300 - L, B ~— Tlinear arch theory
- /oi/' -~
,/f:’@:,////
200 {~.2
/
100 §
e ad | | _ i !
500 600 700 800
Span (0)
b
A u=0.25
® , =0.5
B 1= 0.99
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Toad required for stability. This reduction is due primarily to

the additional shearing resistance provided by the layer interac-

tions.

e <




V-7
4.7 Summary

The stability of excavations in jointed rock was seen to be
governed by mechanisms of stress transfer which resulted in a
zone of relatively destressed material above the excavation.
This destressed zone was observed in the analyses of openings
in elastic material as well in the analyses of openings in
Jointed masses, but the fundamental behavior was different.

The elastic anaiyses indicated that a ground arch formed and
transfered the overburden load to the abutments, but that the
destressed zone was simply "hanging" on the rock comprising the
arch and thus experiencing tensile stresses. The analyses

of the behavior of the jointed masses indicated the formation
of the ground arch as in the elastic case, but suggested that
the stability of an excavation in jointed media was attained
through the development of a second arch, the roof arch, in

the strata immediately above the excavation. The roof arch
was observed in all stable geometric confiqurations except for
those cases involving high horizontal stresses and those cases
involving large block thicknesses. In the first case the high
horizontal stresses prevented the block rotations necessary to
form the arches and stability was maintained by frictional sus-
pension of the mass along the vertical joints. In the second
case, the block thickness, relative to the excavation span,
reached a point at which the arch development was constrained
and failure of the mass was by sliding along the joints. It
was found that the transition between arching and sliding

behavior could be predicted accurately.
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The Distinct Element obtained solutions for single layer, self

Toaded, jointed beams were compared to a linear arch theory

neglecting the compressive strength of the rock and the lateral

stiffness of the abutments; agreement of the data with theory was

quite good. When the single layer, linear arch theory was compared
to multiple layered models, however, agreement of the data and
theory was poor. The discrepancy was seen to be due to layer inter-
actions, not accounted for in the single layer model, acting in a
manner that increased the horizontal thrust on the abutments.

A Limit Equilibrium solution for the observed contact force
distribution was calculated, but discarded since the contact vectors
were seldom observed to be at fully developed frictional resistance.
Instead, the data was examined in order that the significant
parameters and the relationships between them could be isolated.

Two main conclusions could be drawn from the data. First, there is
a linear relationship between the span and the horizontal thrust
required for stability of the mass. However, in contrast to linear
arch theory, the models examined by the Distinct Element method
indicated that this relationship involved the joint friction coef-
ficient. This was observed to be due to interactions between the
lower two layers and not a resultant of slipping along the vertical
joints at the abutments.

The second identified relationship indicated that the horizontal
thrust was a function of the joint spacing, expressed as the number
of blocks in the lower row of strata, and the joint friction

coefficient. The significance of this observation lies in the fact

that 1inear arch theory does not account for an effect due to joint
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spacing. The data indicate that as the number of blocks in the
lower row of strata increases from two to six, the horizontal stress
required for stability almost doubles; linear arch theory, on the
other pand, predicts that this horizontal stress should be a
constant vale.

To keep a proper perspective, it must be noted that the
analyses described in this chapter were performed with a restricted
behavior model possessing infinite strength and regular jointing.
More sophisticated linear arch theories account for load transfer
between layers and the compressive strength of the material. The
real situation in bedded roofs involves crushing of the rock which
can change the length of the moment arm used to calculate the
horizontal thrust in the linear arch theory. It must be concluded
that it may be invalid to criticize linear arch theory or the basis
of the analyses just described. The analyses do indicate, however,
that mechanisms act in jointed rock that perhaps should be imple-

menied in a comprehensive Tinear arch theory.
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CHAPTER V

AN ANALYSIS OF SUPPORT REQUIREMENTS QOF EXCAVATIONS

IN JOINTED ROCK MASSES
5.1 1Introduction

In a historical review of tunnel construction, Szechy (1970)
states that the oldest known tunnel other than those associated
with mines is, according to present knowledge, over 4000 years old.
This tunnel was constructed in Babalonia during the reign of Queen
Semiramis to underpass the River Euphrates. The Tength of this
tunnel was over 1 km and it had a cross-section of 3.6 m by 4.5 m.
Although built by cut and cover methods, elements of the structure
demonstrated (viz. a vaulted arch for the roof) that the Babylonians
possessed considerable skill in tunnel construction, most likely
gained from experience in previous tunneling ventures. To fully
emphasize the significance of this undertaking, Szechy notes that
it wasn't until 1843 that the next subaqueous tunnel, that crossing
the River Thames in London, was opened, almost 4000 years later.

Significant increases in the magnitude of the scale of projects
typically undertaken in underground excavation have not been
accompanied by, or for that matter, preceeded by analytical techniques
capable of explaining the complex behavior of the structural system
comprising the rock mass and the support system. The design of
tunnel or excavation support systems are routinely guided by
empirical and observational rock load prediction schemes. It is

universally acknowledged that the use of these schemes results in
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an overdesign, but the majority of research undertaken today seems
not to be directed toward understanding the mechanisms responsible
for the behavior of an excavation but toward somehow strengthening
the position of the empirical methods through the acquisition of
additional data. This approach has helped to identify the parameters
to which support design is most sensitive, but the fact that

excavation support design is highly site dependent does not obviate

the need for rational methods for the prediction of support pressures.

This chapter presents the resuits of analyses of jointed rock
masses which utilize the Distinct Element method to characterize
the interaction of a jointed rock mass with a support system. The
vehicle chosen to quantitatively express this interaction is a
ground reaction curve. A ground reaction curve is simply a plot of
the support force necessary to maintain the stability of a rock mass
as a function of displacement of the rock mass. The utility of the
ground reaction curve in support design is that it typically yields
information about the optimum time of support emplacement as well
as the magnitude of the force the supports must resist.

Previously, ground reaction curves have only been calculated
by continuum based methods; the rock was assumed to be broken but
the representation of the behavior was by a plastic or elastic-
plastic constitutive relationship.

The Distinct Element formulation provides the research tool
necessary to investigate load-deflection relationships in a medium
where the deformation is controlled solely by the jointing. The

ground reaction curves presented in this chapter indicate a
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relationship between required support force and the geometric

parameters defined by the excavation dimensions and the joint

spacings. This data was also compared to predictions made by several
of the empirical methods in an attempt to determine if any correla-

tion could be found.
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5.2 The Estimation of Rock Loads for Support Design

5.2.1 The concept of a ground reaction curve

As an introduction to the discussion of the various methods
commonly in use to design reinforcement schemes in tunnels it is
prudent to discuss a theoretical concept which provides a means to
quantitatively describe the behavior of the rock mass as it is

disturbed by an excavation. This concept is concerned with the

inceraction of the material surrounding the excavation and the
support system emplaced to ensure stability. The behavior of the
material is described by a ground reaction curve relating the

force required to stabilize the mass to the deformation of the

» edge of the excavation. As an illustration of the concept, an

: example (Deere et al., 1969) describing a ground reaction curve for
a soil mass is presented.

The basis for establishing the stress for which a tunnel
lining should be designed is illustrated in Figure 5.1 where the
average radial stress on a circular tunnel lining is plotted as a
function of the average inward radial deformation of the tunnel
wall. The point A illustrated in the figure represents the average
radial stress befor excavation occurs.

If the radius of the tunnel 1ining were steadily decreased, the
load on the tunnel 1ining would decrease in accordance with a
relationship describing the stress-strain-time characteristics of
the soil. If the soil were elastic the relationship would be
l1inear as shown in the figure by the dashed 1ine AE; for the more

Tikely case that the material is inelastic, the relationship could

4
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resemble the curve AD. This relationship is termed the ground
reaction curve. The form of the ground reaction curve cannot be
calculated exactly but may be approximated in several instances of
practical importance on the basis of field observations coupled
with theoretical investigations.

As the tunnel excavation approaches a given cross-section, the
soil deforms radially toward the tunnel and axially toward the
working face. By the time the working face has reached the cross-
section an average radial deformation, of magnitude Uy has already
occurred. If the tunnel lining was placed in contact with the
soil at this point in time and was capable of preventing any
further deformation of the soil mass, the average stress in the
1ining would be B as indicated in the figure. 1If further inward
deformation of the tunnel walls occurred before the lining was

placed, say of magnitude u, illustrated in the figure, the

2
radial stress would be C.
In reality, the tunnel Tining will itself undergo a radial
deformation of small magnitude before stability is obtained. The
effect of deflection of the 1ining may be estimated by a curve of
its force-displacement behavior, which can be called a support
reaction curve, such as the curve F in the figure. The final load
on the tunnel lining is given by the intersection of the ground
reaction curve and the support reaction curve taking cognizance of

the fact that a certain amount of deformation of the tunnel walls

has occurred before the installation of the tunnel lining. The
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final stress in the tunnel lining is thus C and the deflection

of the lining is uo. Note that the deflection of the tunnel wall

is actually given by the sum up * Uy + Uy

A
|
7 B
o
5
& N
— \
i \ Tunnel 1lining behavior
IS \
x F
e \
o | . \
ol C \
I \
\ inelastic material
\ D
f 'I_JI " u, \\ ‘ '
<ff‘~e1ast1c material
—ta N\

Average Radial Displacement

Figure 5.1 Interaction of soil and tunnel 1ining (after Deere
et 21., 1969).
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5.2.2 Tunnel support design concepts V-7

The dimensioning of tunnel supports, as with any structure,
requires a fairly accurate knowledge of the magnitude of the loads
to be resisted by the supports. From an economics viewpoint, it
is preferable to be able to estimate support requirements on the
basis of exploratory drilling footage but it is certainly
acceptable to be able to modify the support design based upon
observations at the working face. The fact that tunnel designers
have been unsuccessful in using the first method probably explains
the present trend toward instrumentation of underground construc-
tion.

This is not meant to imply that there has been a lack of
proposed analytic models to explain observed rock pressure and
displacement; rather the major problem with the analytic models
is that they lack portability. A truly general design method
would have to include all possible factors such as, mass
condition, material type, construction method and type of
reinforcement. Since the full implications of the many factors
involved, and particularly their interactions, are not presently
understood, analytical techniques are typically confined to
examination of a single one of the factors. This is precisely
why there are no comprehensive tunnel design-load specifications
anywhere in the world and why they are compiled for each particular
project on the basis of prevalent conditions.

The particular factor which is of interest in this study is
the rock load for which the tunnel supports should be designed.

The methods commonly in use at the present time to determine the
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rock pressure in the vicinity of underground excavations typically
possess the characteristics of one of three categories: approximate
methods based upon the extent of upbreak; theories based upon
theoretical stress conditions in the rock mass; and theories based
upon displacement and equilibrium assumptions. The methods which
directly incorporate the jointing of the rock mass tend to be
empirical rather than analytical and typically are based upon
or related to the amount of upbreak above the excavation. The
following brief survey of tunnel support design methods for jointed
masses thus emphasizes those methods based upon the extent of
upbreak. Several design concepts which do not directly include
the jointing of the mass are also incorporated in the survey
because they introduce concepts which are pertinent to the ensuing
discussion.

The origin of the practice of dimensioning tunnel supports
to resist a given amount of upbreak is usually attributed to
Bierbaumer (1913), whose observations were based upon the failure
of timber supports. Table 5.1 lists the values of roof pressure
to be expected in various types of material. This table is
frequently attributed to Bendel (1948) who actually attributes it
to "others". The most significant aspect of Bierbaumer's observed
rock pressure values is that they are independent of width of the
excavation.

A more widely known method of estimating support loads based
upon expected upbreak is that of Terzaghi (1946). Terzaghi based

his estimates of the *atensity of rock loads on the failure of
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Table 5.1 Observed support loads: Bierbaumer

Roof Pressure

b, (t/mz) Temporary timber support
Rock Material Remark
After r
conple- Mode
At out- tion of of Degree
break drift execution of stressing

Rock, more or less blocky 0 8-12 Skeleton 0 to in- Loosening pressure small

lagging, significant

light
:::g]:::T{t;oc:afiegggted 10 30-35 ?keliton Small Loosening pressure increasing at

’ . agging, the moment of outbreak

en)omer en outbreak not
heightma 1 overburden solid perceivable
?::;:l{rzzzgsz;§d rocl:;<1 15-25 30-40 Tight, Mean Bigger pressures percefvable
oo bree conglém;:ateng strong simultaneously with outbreak.

lagging Ensuing of equilibrium condition,

very prolongated
Loose rock under heavy 25-35 40-60 Ver,
y y tight,  Con- Stabilization of

pressure {eventually in solid siderable conditions very a??ﬁ?ﬁﬁ?ﬁ

saturated condition).
Bigger overburden height

::$§§)a:gc:o:§d£gs:udo- 40-60 100-150 Very tight, Going up Stabilization possible only after
presoare X und bigeavy ::Eg;;g and topt :h: completion of very protracted
ry rupture eformations h H
overburden height hard-wood Karawankenntug:g?; 3 even years:
s111-beams

Table 5.2 Rock load guidelines: Terzaghi

Rock load Hp in feet of rock on roof of support in tunnel

with width B (ft) and height Hy (ft) at depth of more than 1.5 (B*Ht)

Rock Condition Rock Load Hp in feet Remarks
1. Hard and fintact 2ero Light Vining, required only 1f spalling
2. Hard stratified or 0 to 0.58 Light support.

schistose
3. Massive, moderately 0 to 0.258 Load may change erratically from point to

Jointed

4. Moderately blocky
and seamy

5. Very bdblocky and
seamy

6. Completely crushed

but chemically
intact

7. Squeezing rack,
moderate depth

8. Squeezing rock,
great depth

9. Swelling rock

0.258 to 0.35 (BsH,)
(0.35 to 1.10) (BOHt)

1.10 (8+h,)

(1.10 to 2.10) (8+H,)

(2.10 to 4.50) (sont)

Up tr 250 ft. rrespec-
tive of value of (Bou‘)

point.

No sfde pressure.
Little or no side pressure.

Considerable side pressure. Softening effect
of seepage towards bottom of tunnel requires
efther continucus support for lower ends of
ribs or circular ribs.

Heavy side pressure, {nvert struts required.
Circular rids are recommended.

Circalar ribs required. In extreme cases use
yieldirg support.




V-10

wooden blocks of known strength inserted bétween the individual

members of timber sets. The Terzaghi load estimates are summarized
in Table 5.2. Note that the magnitude of the loads are dependent
upon the tunnel dimensions as well as the presence or absence of
groundwater.

Stini (1950) also presented estimates of the rock load due

Rttt i

to upbreak which are presented in Table 5.3. Like Terzaghi,

Stini's loads are dependent upon tunnel geometry, but whereas

Terzaghi described the time lag between excavation and final load
(bridge-action period) as typically of the same order of magnitude
as the excavation cycle time, Stini noted that much longer time
periods elapsed before full loads came on the supports.
Modifications of Terzaghi's basic classification scheme are
frequently found in the literature and attest to its one time

high degree of acceptance. For example, a report by the California

Department of Water Resources (ENR, 1959) details cost data for
99 tunnels designed by a slightly modified version of Terzaghi's
basic design loads.

A major effort to add a quantifying descriptor to Terzaghi's
rock load classification is due to Deere et al. (1969) and Deere
et al. (1970). The pertinent data from Deere et al. (1969) is
summarized in Table 5.3. An easily measured field index properly,
R.Q.D. is correlated to both Terzaghi's and Stini's classification

scheme. This correlation provided the means to "objectively"

-7

-

select the proper load class.




Table 5.3 Rock Loads and Classification
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The effect of jointing and faulting on tunnel support loads

was emphasized by Cording et al. (1971) and Cording and Deere
(1972). They note? ihat triangular wedges could form above the
crown due to adverse joint orientation and attempted to calculate
the required support pressure as a function of shearing resistance
along the sides of the wedge. Later work by Cording and Mahar
(1974) noted that the kinematics of the situation dictated that

at least one surface of the wedge should separate from the rock
mass. The equivalent rock loads they presented, which are
summarized in Table 5.4, do not assume any shearing resistance in
the mass but are simply the pressure due to the total weight of

the wedge.

The practice of designing tunnel supports on the basis of the
amount of upbreak assumes that the rock has no inherent strength

and that there is no real interaction between the support and

the failing mass. One recent trend in tunnel support design
focuses on methods which take advantage of the strength of the mass
and which incorporate mass/support interaction. The brief survey
of recent work is presented only to enumerate these concepts.

The "New Austrian Tunnelling Method" described by Rabcewicz

(1964) is a relatively recent construction technique for minimizing
the Toads on tunnel supports. In the method, a thin layer of
shotcrete is applied to the tunnel walls as soon as is possible
following excavation in order to prevent degradation of the rock
mass and thus maintain its strength. However, as Wagner (1970) has

noted, the proper use of the method requires detailed knowledge of




Table 5.4 Rock loads due to crown wedges
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(n8)
(=) (o) HEIGHY of
oipP HALF EQUIVALENT MINIMUM CONDITION
ANGLE ANGLE ROCK LOAD FOR FAILURE
N i
p nS
o - 30°| 90%60° (o - .18)8 Both planes wavy, offset L
® . ac’ o act One plone wavy or of fset, 3
0 - 4s 6043 (45 - asp One plone smooth to ) v
stightly wavy
<2
One plane sheared pay e
ne plane sheared, continu- - / o
45°- 60°| 45-30 (.25 - 45)8 ous and plonar, 4 !V ‘1?'
One plone stightly wavy 8 —
. . . e Both planes sheared, con-
60 - 75 30°-15 (45 -1.0)8 tinvous and planar
Low lateral stresses in arch,
Surfaces plonar, smooth, pos-
78" - 90| 15-0 > 1L.OB sibly open, or progressive fail-

vre aided by separation along
loewangle joints

From Cording and Mahar (1974)
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the rock properties and behavior.

Daemen, Fairhurst and Starfield (1969), Daemen and Fairhurst
(1973) and Daemen (1977) stress the need to consider both the
complete force/deformation behavior of the rock mass and the
interaction of the support system with the surrounding rock mass.
Daemen (1977) presents ground reaction curves based upon a
continuum analysis of an excavation surrounded by a zone of broken
material possessing a residual strength. The method employed
involved the determination of the pressure to be applied against
the excavation surface to achieve stability; one resultant curve,
typifying a material with low residual strength, is presented in
Figure 5.2. This figure contains several interesting features.
The Tine labeled k = » represents a material characterized by a
sudden loss of strength after the peak strength is reached; note
that the implication of this type of behavior is that support
pressure is independent of mass deformation. This is analagous
to the "dead weight" loading characteristic of the design methods
based upon amount of upbreak. A second interesting feature of
the figure is the two lines, labeled k = 0 and k = 0.1, correspond-
ing to materials exhibiting perfectly plastic post peak behavior.
The implication of this type of behavior is that the ground will
stand unsupported; in a 15 foot diameter tunnel the strain at the
cessation of deformation corresponds to a displacement of
approximately 0.1 dinches.

Finally, the shape of the intermediate curves lends analytical

support to the practice of placing the supports early. The




Note:

P, {psi)

90

The parameter "k" describes post peak behavior. k = 0 is
a plastic post peak behavior while k = = is an immediate
drop to a residual strength in the post peak region.

Figure 5.2 Ground reaction curves from continuum analysis of

rock with low residual strength (Daemen, 1977).
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application of shotcrete immediately after excavation allows the
support/mass system to equilibrate at the minimum point of the
ground reaction curve.

A similar approach, presented by Fanek, Dixon and Mahtab (1975),
was based upon a Finite Element analysis and included the effect
of joint orientation. Their work indicated that the support
pressure was more sensitive to joint orientetion and joint
slippage than to failure of the intact rock mass.

Dixon {1971) noted the importance of including the confining
influence of the rock mass on the supports and produced a Finite
Flement model of the support system which was iteratively used to
determine the forces in the support system. The forces were the
resultant of the application of independently cbtained active loads
and the passive resistance of the rock mass. Orenstein (1973)
adopted a similar procedure using a frame model loaded by
independently obtained active loads. The passive resistance of the
rock mass was modeled as a spring at each blocking point
characterized by a support modulus. Neither of these approaches
truly models the interaction of a rock mass and its support system
since the input parameters are determined independently. Typical
of the methods that do model the interaction of the mass and
support is that of Daemen (1975). With this model Daemen studied
the progressive development of failing material surrounding an
excavation and effects of support variation. His conclusions,
however, stress the need for instrumentation programs to verify this

type of calculation.
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The other recent trend in tunneling practice has been to
collect design data from actual projects, isolate common features
of the design, and attempt to categorize this data by statistical
manipulation so that it can be extrapolated and used for design of
new projects. The attractiveness of this method in terms of
the present study is that jointing of the rock mass plays a central
role in all of these classification schemes.

Abel {1966) combined geologic mapping of the Straight Creek
tunnel pilot bore with a limited number of support 1oad measurements
to produce a set of design charts for prediction of rock load
elsewhere in the tunnel. The method was judged to be successful
but Abel noted that the results might not be applicable in other
locations.

A classification scheme described by Kruse, et al. (1970)
related the design of pressure tunnels to the different types and
quality of rock encountered during excavation. In this particular
application qualitative visual criteria were related to the
deformation modulus of the rock mass. Abel's (1966) classification
was adopted but the authors stressed that the usefulness of a
classification scheme depended upon unambiguous definition of the
input parameters.

Wickham, Tiedemann and Skinner (1972, 1974), Bieniawski (1973),
and Barton, Lien and Lunde (1974) present conceptually similar
classification schemes for aid in the selection of tunnel supports.
The classification systems are based upon (respectively): general
area geology, joint orientation and spacing, and ground water and

joint condition; RQD, weathering, strength, joint spacing and
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orientation, joint separation, joint continuity, and ground water;

and, RQD, number of joint sets, joint roughness and alteration,
ground water and adverse stress conditions. All of the classifica-

tion systems are relatively simple to use, utilizing data that

should be routinely collected during pre-construction investigations.

The methods give similar answers and can, in fact be correllated
to one another (Bieniawski, 1976).

At this time it is prudent to summarize briefly those
portions of the preceeding discussion which are particularly
significant with respect to the present study. The majority of
the methods commonly used to design support systems in jointed
rock are based upon the observation of isolated failures and the
extrapolation of successfully designed support systems. There is
certainly nothing wrong with extrapolating previous design data to
proposed ventures provided that the basic behavior mechanisms of
the rock mass and support system are similar. The most significant
objections to this approach are that overly conservative designs
could easily propagate and that extrapolation requires a complete
understanding of the pertinent geologic properties, the mass
behavior, and the function of the support system.

Analytic models of the rock mass and support system provide
results that indicate that the interaction of the mass and support
is a significant parameter relative to the final equilibrium state.
It must certainly be proper to utilize a continuum approach to

study a highly stressed situation where the rock mass is failing

uniformly, but there is no real evidence to suggest that this
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particular representation is valid for lower stressed situations
where the primary deformation takes place along pre-existing
discontinuity planes. 1In fact, the continuum analyses that have
incorporated jointing in the mass indicate that the support load
is more sensitive to slippage along the joint planes than to the
failure of the intact mass.

The present trend of extrapolation based upon qualitatively
observed parameters and instrumentation provides a useful and
practical approach to the problem of tunnel support design.
However, the use of these classification schemes should be guided
by rationally applied analytic models wherever possible. It is
precisely in this context that the Distinct Element method is used
in the remainder of this chapter. In particular, ground reacticn
curves are presented for several realistic models in an attempt to
provide a guiding rationale for the continued use of the classifica-

tion schemes.

5.2.3 Calculation of the potential ultimate roof Toads in the

jointed mass model

The discussion presented in Chapter 4.3 introduced a simple
model for the behavior of the roofs of rooms excavated in a medium
where the jointing was assumed to delineate blocks of a cot “tant
aspect ratio. The orientation of the joint planes was {imited to
either horizontal or vertical; additionally, the jointing in the
vertical direction was assumed to be discontinuous. Subject to

these restrictions, it is possible to describe a particular
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excavation/joint configuration in terms of three geometric
parameters: the true span (0); the aspect ratio of the blocks (block
thickness (t) divided by block width (w)); and the height of the
triangular zone (h) which delineates that material for which
unrestricted movement into the excavation is kinematically possible.
These geometric parameters are noted on the diagramatic section of
an excavation in a jointed mass illustrated in Figure 5.3(a). The
volume of material which kinematically can undergo a finite, as
opposed to an infinitesimal, displacement into the excavation is
outlined and indicated in the fioure.

As noted in Chapter 4.3, the number of blocks (b) in the bottom
row of the roof strata and height (h) of the zone of potential

finite displacement are given respectively by:

1!

b= 0/w
and 5.1
h=b-1
The geometric parameters of the model can also be used teo
determine the total weight of the material within the triangular
zone of potential finite displacement. This quantity js of interest
since it represents the maximum load on the support system if the
downward displacement of the triangular zone is sufficient to-cause
Toss of transmittal of vertical force across the boundary between
the triangular zone and the overlaying strata.
The total weight (L) of material within the triangular zone
is easily calculated in terms of the total number of blocks (B)

comprising the zone. For a unit thickness normal to the plane of

the paper and a given weight density (d), the total weiqht within

the zone of potential finite displacement of the basic model
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illustrated in Figure 5.3(a) is:

L = B:t-w-d 5.2
The t>tal number of blocks within the zone of potential finite
displacement is related to the true span of the excavation and the
block width. 1In fact, it is the guotient of these two parameters,
the number of blocks in the bottom row, that leads to a simple
expression for the total number of blocks in the triangular zone.
The total number of blocks in the triangular zone is the sum of the
number of blocks in each of n rows of blocks in the zane:

B=1b+ (b-1) + ... + (b-n+2) + (b-n+1) 5.3
The terms on the right side of the equal sign in equation 5.3 are

the terms of an arithmetic progression

a  =ay+ (n-1) d 5.4
where 3 is the first term,
a, is the nth term, and
d js the common difference
The properties of the basic jointed mass model are such that:
ay = b, 5.5
a =1,
n
n =b, and
d = -1

The total number of blocks in the triangular zone is given by the

sum of the first n terms of this arithmetic progressiaon:

. b
B—'Z"(b+1) 5.6
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The total weight of material within the zone of potential finite

displacenent is thus:

L=D(b+1) .t w.d 5.7
In terms of the true span of the excavation:

-0t 0

L=x= (5+1)d 5.8

Equation 5.8 was used to obtain the five sets of curves
presented in Figure 5.3. Each family of curves represents a
constant block width while each curve within a family represents a
different block thickness. The thickness values increase in an
upward direction. The calculations were performed using a weight
density of 150 pcf; all length dimensions are thus in feet. Since
equation 5.8 is linear with respect to density, the curves may be
corrected for any desired density simply by multiplying the load by
the quotient of the desired density, in pounds per cubic foot, and
150 pcf.

The graphs illustrated in Figure 5.3 should be used with
caution since the model upon which they are derived is based upon
integer values of the number of blocks in the lower row. Although
the curves give a seemingly proper value of the load for non-integer
values of b, the jointed model is only defined for those instances
where the span is an integer multiple of the block width. It must
21s0 bhe noted that even though the complete curves have been
plotted in all cases, the model is also undefined in those instances
where the true span is less than the block width. This cutoff point
has been indicated on the abscissa of each plot by a small triangle;

the curves are not valid for the basic model to the left of this

R —1...i----u-n-n--------""""""""“"”'“.-.‘
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cutoff point.

The graphs of Fiqgure 5.3 indicate that the total weight of the
triangular zone increases parabolically with span and that for a 1
given block width and span, increasing the thickness of the blocks
leads to an increased load. On the other hand, for a constant span

and thickness, increasing the width of the blocks decreases the

loads on the supports.
By a suitable choice of variables it is possible to plot all
of the data of Figure 5.3 as a single linear relation between

dimensionless variables. This plot is presented in Figure 5.4,

Although this plot lacks the utility of Figure 5.3, its value is
due to the fact that it is valid for any consistent set of units.
For example, consider an excavation in a medium with a weight
density of 26 KN/m3 and jointing in the manner of the basic model
leading to blocks of thickness 0.5m and width 1.5m. The aspect
ratio of the blocks is thus 0.33. For an excavation 12m in width,
the true span (0) is 10.5m; the number of blocks in the bottom row
of the roof strata, which is the ratio 0/w; is thus seven. Refer-
ring to Fiqure 5.4 an ordinate value 4.0 corresponds to an abscissa
value 7.0. The potential ultimate 1oad corresponding to a finice
displacement of the triangular wedge can be determined by multiply-
ing the known parameters out of the ratio. The load is thus

4 * 10.5m * 0.5m * 26 KN/m3 or 546 KN per meter of excavation

length.
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5.2.4 The use of displacement controlled fixed blocks to generate

ground reaction curves

A ground reaction curve is a particular example of the non-
Tinear stiffness behavior of a jointed rock mass which can only
be determined in reality by a succession of measurements. These
measurements reflect the changing relationship between the load to
be resisted by the supports and the inward displacement of the
rock mass. Since the force sum acting on a spatially fixed block
is automatically calculated by the Distinct Element program, a
spatially fixed block can be utilized to determine the magnitude
of the support force necessary to stabilize a failing rock mass.

A value so determined is of use because it is a point on the
ground reaction curve but this information is of much more value
if the complete ground reaction curve can be determined.

The solution to the problem of determining a complete ground
reaction curve by the Distinct Element method requires that some
type of automated control mechanism be incorporated in the model to
vary the position of the load indicating block.

Analogous to a laboratory testing frame, there are two basic
governing control mechanisms: force control, which requires a
freely moving block; and displacement control which requires a
spatially fixed block. Both mechanisms require that a small block
be placed against the strata in the manner illustrated in Figure
5.5(a) and (b).

To implement the force controlled testing machine, the force
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on the load indicating block is reduced by some amount. The net
result of this action would be an acceleration, due to the excess
load imposed by the strata, of the load indicating block away from
the strata, continuing until equilibrium of the system was again
achieved. In practice, there are two serious drawbacks to the
implementation of a force controlled testing machine. The first
problem is concerned with inertial effects. Beginning at point (1)
on the ground reaction curve illustrated in Figure 5.5(c), a force
reduction of magnitude AF should again reach equilibrium at point
(2); however, the inertia of the system could cause the jointed
mass to temporarily experience the conditions at point (3). Since
the applied force is higher than that required for equilibrium,
the load indicating block will move toward the strata. Owing to
the highly non-linear stiffness behavior of a jointed mass, it is
Tikely that this reloading will follow a different behavior curve
than the unloading curve. In the case illustrated, the reloading
curve‘is stiffer than the loading curve, and the mass comes to
equilibrium at point (4) instead of point (2). The result of this
is that instead of the true ground reaction curve (1) - (2) - (3),
the data would indicate curve (1) - (4) as being the ground reaction
curve,

The second problem that would be encountered would occur if
the ground reaction curve had an upswing such as the seament of
the curve (6) - (7) in Figure 5.5(c). The postulated force

controlled testing machine would continue to lower the force applied
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to the load indicating block and thus, equilibrium could not be
reached.

A displacement controlled governing mechanism is not foolproof
either. Although not subject to the inertial effects of the freely
moving block utilized in the force controlled testing machine, the
displacement control of a fixed block can also lead to incorrect
results. One point of interest, which is addressed later in this
chapter concerns the interaction of the support and the rock mass.
If the presence of a support force affects the development of
arching within the rock mass, then a large displacement step could
pull the support away from the rock mass and all interaction
between the support and the rock mass would cease. One consequence
of this type of action is illustrated in Figure 5.5(d). If, indeed,
arching does occur and stabilize the rock mass so that the generated
ground reaction curve is (1) - (2) - (3) - (8) as illustrated in the
figure, the displacement steps must be small enough so that the
support-mass interactions are faithfully modeled. It is possible
that the presence of the support tends to inhibit roof arch
development; if this is indeed the case, then the true ground
reaction curve would be (1) - (2) - (3) - (6) - (9). This problem
will not arise if the displacement steps are small enough.

It might be noted that the mechanism of unfixing a block and
letting it move to a new position before refixing it does not lead
to an acceptable solution. The force sum acting on the fixed block
is a large quantity relative to the weight of the fixed block. Thus

when the fixity of the block is removed, high acceleration would
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tend to make the now free block undergo a large displacement. This
of course, could lead to the same problem illustrated in Figure
5.5(d).

The actual mechanism incorporated in the Distinct Element
program is the displacement controlled fixed block. The routine
modifies the low order (high precision) part of the fixed block
centroid coordinates. Displacements in the x coordinate direction
and the y coordinate direction are specified as well as the number
of cycles between displacement steps. Once the displacement control
mechanism is enabled, it will continue to incrementally move the
load indicating block, until the control mechanism is disabled. In
this manner, the displacement control mechanism functions as a
testing machine with the output being a ground reaction curve for
the rock mass in question. In actual use, however, the mechanism
is disabled at frequent intervals to ensure that the mass/support
system reaches equilibrium before continuing the displacement of the

lToad indicating block.
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5.3 Support Requirements in the Absence of Arch Development

In order that the development of the ideas presented in this
chapter be complete, it is prudent to examine the support require-
ments for the simple monolithic roof model presented in Chapter 4.4.
Recall that owing to the absence of flexural deformation in the
model, arching behavior was unable to develop and stability of the
single block was achieved by frictional resistance acting along the
vertical joints. For those situations where the magnitude of the
horizontal force acting on the block is insufficient to prevent
failure of the roof through downward movement of the block,
equilibrium, and thus the integrety of the roof, can only be
obtained by the application of an external force.

The Limit Equilibrium models utilized in Chapter 4 can easily
be modified to incorporate an external force or the resultant of
an external support pressure; the modified models are illustrated
in Figure 5.6(a). The assumptions of symmetry of the frictional
reactions and the full mobilization of frictional resistance lead
to an equation of vertical equilibrium which is given by:

P=W-2 tano 5.9
where: P is the external support load;

W is the weight of the block

H is the total horizontdl thrust; and

4 15 the angle of sliding friction of the joints.
If the support load and horizontal thrust are normalized with

respect to the weight, a diminsionless form of equation 5.9,
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u = tan¢

p=.15 ‘<N\~\\\\-u=.]

(b)

Figure 5.6 (a) Limit Equilibrium models of roof behavior under
combined frictional suspension and external force.
(b) external support requirement for stability of
frictionally suspended roofs.
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P_,_ M
W 1 - W tand 5.10

is obtained. This equation is plotted in Figure 5.6(b) for various
values of tany. As was expected, the magnitude of the external |
support force decreases with increasing horizontal thrust; the i
decrease is more rapid for higher joint friction angles. !
A number of unstable, monolithic roof geometries were modeled {
using the Distinct Element method for purposes of comparison to
equation 5.10. In these models the external support load required
for stability was either applied to the centroid of the roof block
or applied to the centroid of a small block placed at midspan on
the bottom of the roof block specifically for this purpose. There
was no discernable difference in the results obtained by the
different methods. Examination of Figure 5.6(b) reveals a high
degree of correlation between the Limit Equilibrium solution and
those calculated by the Distinct Element method.
The basic model dealt with in this study forms an inverted
"staircase" in the roof when failure occurs (see Chapter 4.3). The
geometric relationships relating total roof load to the span of the
excavation and the aspect ratio of the blocks formed by the jointing
which were developed in the preceeding section can be used to
determine the magnitude of the parameter W in equation 5.9. Bearing
in mind the fact that the roof is monolithic it is still possible to
calculate a ficticious aspect ratio for the joints that form the
vertical sides of the roof block. Thus equation 5.7 or 5.8 may be

used to determine the total weight of the roof. If the support
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force is assumed to be some percentage (K) of the total roof load
and if in addition, the total horizontal thrust (H) is expressed as

the height of the arch (h) multiplied by the horizontal stress (oh),

then K is given by the relation:

v e - .

KW = W - 2H tand 5.11(a)
¢ |
K=1-20 o tand 5.11(b) |
2 ‘
0°t , Ot
(- *7 ) d
K=1-4R/(0 *+ w) 5.12
The stress factor (R) is defined as
(e}
R = - tang 5.13

A1l of the above mentioned parameters are illustrated in Figure 5.8.
Figure 5.7 illustrates the relationship between the percentage
of the roof load to be supported (K), the true opening width (0),
the stress factor (R) and the block width (w). The three separate
graphs correspond to different values of w, chosen to represent: a
high fracture frequency or a low RQD (w = 2 in.); a moderate fracture
frequency or RQD (w = 10 in.) and; a Tow fracture frequency or a
high RQD (w = 25 in.). The curves demonstrate an increase in the
percentage of support required corresponding to an increase in
block width; this reflects the fact that for any given block thick-
ness, an increase in the block width tends to make the roof block
assume a rectangular rather than a triangular shape. The percentage

of support required also decreases with increasing horizontal stress
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(mh) or friction coefficient (tans) or decreasing materjal density
(d). This fact is expressed by the stress factor (R) which is also
incorporated in the graphs shown in Figure 5.7.

Equation 5.12 can also be used to determine the maximum

unsupported span length for the model illustrated in Figure 5.8

simply by solving for the situation where there is no required ;
external support force (K = 0). Under these stipulations, equation :

5.12 becomes:
Oh tan
0+ w =g LA D 5.14

The quantity 0 + w is the excavation width (S) illustrated in Figure
5.8; the figure also presents a plot of excavation width (S) as a
function of horizontal stress (oh) for different values of tang.
This figure can be used to determine the maximum expected horizontal
span for a monolithic roof failing by slipping along vertical joints
in the presence of a horizontal stress field.

The model under consideration does not incorporate failure by
arching but it is of interest to know if the maximum span predicted
by equation 5.6 exceeds the span at which failure by arching would
occur. This can be determined for the simple case of a rectangular
roof comprised of two blocks, since the rigid block analyses of
single layer model arching developed in Chapter 4.5.3 indicated that
a clearly defined boundary between failure by sliding and failure

by arching could be determined for a multi-block, single layer model.

In terms of maximum unsupported spans for a two block rectangular




V-39
roof, equation 4.3 may be rewritten:

%
0 = ZG-—tamp 5.15

Likewise, equation 4.9, which relates horizontal thrust to span may

be rewritten:
o
0 = /gd_ht 5.16

It is thus possible, at least in the simple case of a roof comprised
of two rectangular blocks, to determine if the calculated maximum
unsupported span exceeds the approximate value of the span at which
failure occurs by arching.

Equations 5.15 and 5.16 are actually tne dividing lines that
separate zones of stability and instability; in the first case the
equation delineates that zone where sliding will occur and in the
second case, the equation delineates that zone where failure will
be by arching. Equations 5.15 and 5.16 have been plotted in Figure
5.9 with horizontal stress plotted as a function of span, various
values of the joint friction coefficient have resulted in a family
of curves, inclined at about 25 degrees from the span axis, that
delineate the zones of sliding failure. Similarly, various values

of the block thickness have resulted in the family of curves, at

the steeper inclination, that delineate the zones of arching failure.

When plotted on the same figure, these two equations thus delineate
four zones, indicative of the condition of the roof, that are

dependent upan the block thickness and the joint friction
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coefficient. To use Figure 5.9 the curve corresponding to the block
thickness and the curve corresponding to the friction coefficient
are selected. The point corresponding to the span and horizontal
stress will then 1ie in one of four zones. The zones correspond to
complete stability, failure by sliding, failure by arching, and
failure by sliding and arching. These zones are illustrated in

Figure 5.9 for the particular case t = 2 feet and tan¢ = 0.5.
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Figure 5.9 Conditions for failure by arching or sliding for the

j1lustrated roof geometry.

friction coefficient (u)
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5.4 An Investigation of Support Requirements in Jointed Roofs

5.4.1 Jointed mass behavior representation by means of qround

reaction curves

The brief survey of design concepts presently in use to aid
in the dimensioning of tunnel supports indicated that the majority
of the methods that recognize the rock mass as a jointed discontinuum
are of an empirical nature and are often criticized for their
failure to account for the interaction of the support system and
the rock mass. However, the fact that the older amount of upbreak
or dead weight loading schemes (Bierbaumer, Terzaghi and Stini) are
based upon observations, admittedly crude, of pressures acting
on installed support systems indicates that there is at least
some partial measure of the support/mass interaction incorporated
within them. The same is true of the newer schemes (Wickman,
Tiedeman and Skinner, Bieniawski, and Barton); the design
pressures are based upon actual installed support data supplemented
by instrumentation data where it was available. Thus the
interaction of the mass and support system is incorporated in
these schemes even though it is not somehow explicitly expressed
as one of the basic input parameters.

Conspicuous in its absence, however, is analytical substantia-

tion of the required support loads predicted by the empirical

i

schemes for those instances where the failure of the rock mass

and the resulting loading of the support system is governed by
L]

the presence of distinct planes of weakness, such‘as joints and
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faults, within the rock mass. The Distinct Element method
provides the mechanism to investigate the behavior of jointed
masses which are controlied by the behavior of the joints.
Additionally, the implementation of the displacement controlled
testing mechanism described in Chapter 5.2.4 provides the data
necessary to quantitatively describe the behavior of the jointed
rock mass as it interacts with a simple support system.

The Distinct Element method has been used to study the
support requirements of numerous excavation roofs which possess
the joint pattern characteristic of the basic model utilized
in Chapter 4. These characteristics are regular, continuous
jointing in the horizontal direction and regular, discontinuous
jointing in the vertical direction. Once again, this is a plane
strain modé] and the aspect ratio of the blocks for a given
problem is a constant. The results of this investigation are
presented in this section by means of several ground reaction
curves which are representative of the observed responses.

The results presented in Chapter 4 indicated that the
stability of the roof of an excavation in jointed rock was most
sensitive to the magnitude of the horizontal stress. It
follows logically, therefore, that an investigation of the support
requirements of excavations in jointed media should be concerned
with the effect of horizontal stress on the ground behavior as
expressed by a ground reaction curve relating the total load

acting on the support to the vertical deflection of the support.




The models analyzed in this chapter are subject to the

limitations of those described in Chapter 4, namely highly idealized
joint behavior and a simplified mechanism for modeling the 3
horizontal stress. The joints are modeled as planar and do not
possess cohesion. The tendency of construction procedures such

as blasting is to destroy the cohesion of the joint surfaces near
the excavation. This, coupled with the fact that the models portray
the behavior of failing masses leads to the conclusion that the
analyses are valid in terms of the cohesive strength of the joints.
The fact that the joints are considered to be planar, however,

does detract somewhat from the validity of the analyses. Real
joints are non-planar; perfectly mating rough surfaces can only be
forced to slide relative to one another if they are free to move
apart. This dilatancy leads to increased mass strength for if the
joint separates two confined blocks, the only way relative movement
can occur is if shearing of the rock mass takes place. As noted

in Chapter 4.5.2, the horizontal stress field is modeled as a
constant load, owing to the rigid nature of the blocks in the
Distinct Element formulation. Under a constant load situation
strength increases due to dilatancy do not occur. The analyses
presented in this chapter are probably only realistic for

problems where dilatancy does not play a significant role.

Near surface excavations with relatively open or infilled jointing

are examples of such a situation.

Figure 5.10 presents two ground reaction curves for the six
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meter wide excavation illustrated in the figure. Part (a) of the
figure illustrates the around recaction curve for a case where
sufficient horizontal stress exists to stabilize the mass in the
absence of externally applied support. The ground reaction curve
reflects this fact indicating that a value of the roof deflection

of approximately five centimeters, the load acting on the supports
is zero. The second ground reaction curve illustrated in the figure
represents a situation where the magnitude of the horizontal stress
field is insufficient to stabilize the mass without the introduction
of external support. The parameter W, indicated on the ground
reaction curve, is the total weight of the material within the

zone of potential finite displacement described in Chapter 5.2.3.

W is thus that guantity which was previously termed the potential
ultimate roof load. The form of the ground reaction curve suggests
that as deflection of the roof continues the required support

force approaches a constant value, and that this value is given

by the potential ultimate of load W.

A similar situation 1 four meter wide excavation where
the blocks have a significantly lower aspect ratio (0.4 as
opposed to 1.5 for the first case) is presented in Figure 5.11.
As befare, the two ground reaction curves represent the situations
where sufficient stabilizing horizontal pressure is present
(part a) and the case where external support is required for
stability for the roof (part b). However, in this case, the
ground reaction curve in the first part of the figure represents

the behavior of the mass where the applied horizontal stress is
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not significantly higher than the value where failure would occur
if no support system was present. The end result is the same as
that seen in higher stress situations presented for the six meter
wide excavation. The support requirements drop to zero at a roof
deflection of approximately three cm, but in the case of the four
meter wide excavation there is a noticeable kink in the ground
reaction curve occurring at the value of the load corresponding to
the potential ultimate roof load. This probably reflects the need
for finite displacement to occur before rotation of the blocks can
devleop the arch necessary to stabilize the roof. The second part
of the figure presents the ground reaction curve for the situation
where the horizontal stress alone is insufficient to stabilize the
mass. Again, the behavior of the roof indicates that the support
requirements approach a constant level with increasing deflection
of the roof. MNote that the value of the required support resistance
is again given by the potential ultimate roof load W.

The tendency for the ground reaction to indicate a constant
value of the required support force was observed in the majority
of the cases examined. Exceptions to this observed behavior were
rare; one example will be presented shortly. The three ground
reaction curves presented in Figure 5.12 are representative of a

number of calculated mass responses and indicate that the rock load

for which supports should be designed is represented fairly accurately

by the potential ultimate roof load. Figure 5.12(a) and (b) both rep-

resent situations of insufficient horizontal stabilizing force for a
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16 reter wide excavation; part (b) however, represents a
situation of much lower horizontal stress. The general shape of
the ground reaction curves is, nevertheless, similar. The third
ground veaction curve also represents low stress conditions but
indicates the effect of increasing the friction coefficient of the
Joints. As can be seen, the same constant load requirement
emerges. The major effect of the higher friction coefficient

is to decrease the rate at which the ground reaction curve drops
to the final, constant level. This is also representative of
other cases observed; an increase in the friction coefficient
has little effect on the ultimate support requirement.

The three curves presented in Figure 5.12 also indicate a
characteristic decrease in the support load requirements with
further roof deflection. This decrease in required support was
observed most frequently in problems involving blocks with a Tow
aspect ratio. This behavior typically corresponded to roof
deflectiuns of the order of 10 to 20 percent of the block
thickness and is indicative of bed separation occurring as an arch
develups in the second row of strata above the excavation. This
behavior was not observed in situations involving higher aspect
ratios, probably owing to the tendency of this type of modei to
fail by sliding rather than arching.

The presentation of tre calculated ground reaction curves has
indicated that two aeneral behavior patterns emerged from this
investigation: first, ground reaction curves for masses which

would have heen stahle without external support reflect this
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stability by indicating no required load after a small finite
deflection of the roof; and second, ground reaction curves for
masses which would have failad without external support indicate
that the required support is a constant value, typicaltly given by
the potential ultimate roof Toad of the model. The first result
was not unexpected; the second result, however, requires an
attempted explanation.

Figure 5.13(a) illustrates a 10 meter wide excavation; the
distribution of contact forces for the case of no external
support is illustrated in part (b) of the figure. The contact
force distribution reprasents clearly the situation observed for
other stable excavation geometries; well developed roof and ground
arches can be seen along with minimal vertical force transmittal
within the zone of potential finite displacement. The contact
force distributions illustrated in Figure 5.13 (c¢) and (d) are
representative of conditions prevailing in the presence of external
support. The relative roof deflections of the roof corresponding
to these force distributions are indicated on the ground reaction
curve for the mass in part (e) of the figure. The first force
distribution indicates that the presence of the support results
in an initial inhibition of the development of the roof arch and
allows vertical force transmittal through the zone of potential
finite displacement. Part (d) of the figure is indicative of
conditions on the constant portion of the ground reaction. The
roof arch is partially developed, but the presence of the support

is preventing the block rotations necessary for minimizing the
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vertical force transmittal within the zone of potential finite
displacement.

At this point it is opportune to emphasize the "physical"
properties governing the behavior of the joints. In the present
formulation of the Distinct Element program, the joints are
assumed to be smooth, planar surfaces with shear strength due
only to frictional resistance. This characterization neglects
two important parameters of joint behavior: cohesion and dilatancy.
Cohesion along joint surfaces is significant in determining the
initial strength of a joint; once failure begins, cohesion is
typically Tost, so it is probably realistic to characterize a
failing jointed mass as cohesionless. The dilatant properties
of joints are relatively well known, at least qualitatively.

The main effect of the dilatant behavior of joints is a volume
increase with shear movement resulting in an increased normal
stress on the joint and thus, an increased resistance to shear.

In order to arrive at the ground reaction curves presented in
this section the behavior of the joints was thus highly idealized.
It is therefore unrealistic to expect that the ground reaction
curves presented are characteristic of the behavior of all

jointed masses.

As a final example of a ground reaction curve for an
excavation in a jointed rock mass, a situation is presented where
the typical, constant ultimate load requirement was not observed.
The case under consideration, a 24 meter wide excavation where
the jointing defines blocks having an aspect ratio of 0.1, is

illustrated in Figure 5.14. The ground rcaction curve, also
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illustrated in the figure, is seen to possess characteristics
markedly different from those typically observed. The most
significant of these are the lower rate of decrease of the
curve, an upswing of the curve with increasing roof defleciton,
and values of the support requirements significantly in excess
of the potential ultimate roof load. As an aid to understanding
this departure from the typical behavior, it is instructive to
examine the geometry of the deformed state of the rock mass as
indicated in parts (b) and (c) of the figure. As can be seen,
the maximum deflection of the roof is not occurring at the
support point as was the case in the other geometries examined.
Additionally the horizontal force is causing the relatively
slender Tower strata to buckle. The result of this action is that
the lower row of blocks is actually "prying" the supnort block
away form the strata and thus acting to increase the Toad on the
support.

This example points out several shortcomings of this analysis
which should be enumerated. First, it indicates the inadequacy
of modeling the support system as a single point since nmultiple
"blocking points" could have prevented the off center maximum
deflections and possibly could have resulted in a different
response. The other major shortcoming of this analysis is the
infinite strength of the blocks. In a real situation the
behavior indicated in the figure would probably result in fracture
of the blocks long before the situation indicated in’part (c) of

the figure could have developed.

e ——— . _ , 'I‘
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The modeling of jointed excavation roofs presented in this
section lead to the conciusion that the ultimate load to be
resisted by the support system could be predicted, in the majority
of cases, by the potential ultimate roof load described in Chapter
5.2.3. The ultimate loads predicted by the ground reaction
curves are summarized in Figure 5.15., MNeglecting data from
analyses similar to that just described, a relationship between
the ultimate support load and the span of the excavation can be
seen. This relationship was found to be a function of the aspect
ratio of the blocks, but relatively insensitive to the friction
coefficient of the joints. The relationship between the support
i load required and span is given approximately by:
L=n82

where

1l

n 2 + BA, and

A is the block aspect ratio.

5.4.2 The use of the Distinct Element method in the design of

support systems for excavations in jointed masses

The ground reaction curves presented in the preceeding section

indicated that in response to the idealized assumptions of joint
behavior utilized in the analyses, the support force required for

stability was seen typically to be a function of the geometric

properties of the excavation. In particular, the ultimate resisting
force was found to have been given approximately by the potential

ultimate roof load, which could be calculated with the aid of
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Figure 5.4 or approximated by equation 5.17 in terms of the span

and the aspect ratio of the blocks. In this section is presented

3
i
3
]
i
¢

a comparison of these results and the observed load-span relation-
ship with several of the empirical schemes to see if a correlation
exists. To ensure that the discussion doesn't stray too far from
reality, actual design data from several underground excavations
is also included.

The primary purpose of this investigation was to see if the
Distinct Element calculated response of an excavation in jointed
rock, taking account of mass/support interaction, could be
correlated to "dead weight" load schemes such as that proposed by
Terzaghi. Several comparisons of this type are presented in
Figure 5.16. Parts (a) and (b) of the figure present the total
load to be resisted as a function of span as estimated by the
methods of Terzaghi and Stini. The Terzaghi Toad classes two,
three and four are included on the graph and it can be seen that
classes two (hard, stratified) and three (massive, moderately
jointed) bracket the data nicely. It should be noted that the
models examined could be included in class four (blocky and seamy)
and as such, would indicate that Terzaghi's method is non-consarva-
tive. Similarly, the Stini estimates for classes two, three and
four have been plotted in part (b) of the figure and compared to the
Distinct Element responses. Examination of the comparison
presented in the figure indicates good agreement with the Stini
classes two (nearly stable) and three (1ightly broken) for spans

greater than about eight meters in width, but the agrecement becomes
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less good with decreasing span. i

The constant pressure theory of Bierbaumer is compared to i
the data in part (c) of the figure. There is a semblance of
agreement for spans in the 25 to 30 meter range; extrapolation of
the trends of the data, however, indicates that this agreement is
probably coincidental (two non-parallel lines must intersect
somewhere). 1t is unlikely that Bierbaumer had access to data from
excavations of this width; for spans in the two to five meter
range, there is no correlation between Bierbaumer's method of
predicting the load and that calculated by the Distinct Element
method.

The final comparison presented in Figure 5.16 utilizes the
load estimation scheme described by Cording et al. (1971). This
scheme will be described in some detail presently but for now it
is sufficient to note that the parameter n is based upon actual
design data. The fit of the curves to the Distinct Element data
is quite good.

This comparison would certainly be more meaningful if the
actual design data for excavations in which the support system had
failed were available. The next best information is design data
for excavations that did not fail; this is what is available and it
will be used in further comparison. A significant number of actual
support pressure designs were summarized by Cording et al. (1971);
this data is presented graphically in Figure 5.17(a). Cording et al.
attempted to correlate RQD to support pressure by means of what

they termed the Terzaghi Design Envelope (Figure 5.17(b). This
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for cavern excavations, (b) logarithmic representation
of total load.
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data has been replotted in part (c) of the figure to reflect
total loads rather than pressures. This classification scheme,
then is essentially similar to Terzaghi's but predicts a smaller
total load or pressure when the value of RQD is very high. It
must be emphasized that the data represents design pressures for
excavations that are stable. Invariably, the data then represents
an incorporated factor of safety or an overdesign. Additionally,
most of the caverns have arched crowns; in general higher support
pressures would be required for excavations having flatter roofs.
It can be seen, therefore, that the comparison of this design
data and the required loads calculated by the Distinct Element
program is not strictly valid. It is not suggested that the
amount of over design and the required pressure increase in the
case of the flat roof cancel each other, but that the combined
result gives a valid basis for comparison.

Four of the graphs presented in Figure 5.18 are identical to
those presented in Figure 5.16 except that the design data
summarized by Cording et al. has been incorporated on each of the
plots. Most of the comments presented earlier are still valid,
but additional comment is required in several instances. The
conservative nature of the Terzaghi rock load estimates is more
apparent when the data of Cording et al. is added to the plot.
Stini's estimates of the rock load still fit the data quite well

for spans greater than 10 meters; unfortunately data for the

narrower spans was not available. The rock loads predicted by
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Bierbaumar's method are still quite nonconservative in light of the
actual support pressures. The estimates of the rock load as
calculated by the method of Cording et al. are seen to fit the data
quite well, and seeins to indicate that an RQD based modification of
the Terzaghi rock load estimates is a valid tool for the estimation
of expected support loads in an excavation.

It is beyond the scope of this investigation to present
detailed summaries of the newer classification schemes presented

by Wickham et al., Bieniawski, and Barton et al. but it is relevant

to include at Teast one of the schemes in the comparisons presented
herein. Of the three methods, Barton, Lien and Lunde's was chosen
for inclusion for no reason other than that the results are expressed
as support pressures. Some familiarity with the method on the part
of the reader is assumed.

B Barton, Lien and Lunde's classification scheme requires the

j specification of six input quantities; the values of those quantities

thought to represent the Distinct Element modeled geometries are

presented in Table 5.5.

Table 5.5 Parameter Values for Rock Mass Quatity Q :

RQD (Good to excellent) 75-100%
Joint Set Number (two joint sets) 4.0

Joint Roughness Number (smooth, planar) 1.
Joint Alteration Number (unaltered) 1.
Joint Water Reduction Factor (dry) 1.
Stress Reduction Factor (low stress) 2.
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The resulting Q value is found to range from seven to ten; the
rock masses modeled by the Distinct Element method all fall in the
"fair" category and a need for support is indicated. The indicated
support pressures are 100 KN/M? for those spans less than ten meters
in width and 150 KN/M? for those spans greater than ten meters in
width. In these calculations an excavation support ratio (ESR) of
1.0 was assumed.

The support pressures calculated were compared to the Distinct
Element calculated data and the data presented by Cording et al.

The results of this comparison are presented in Figure 5.18(e). It
is readily apparent that the constant support pressures suggested by
Barton, Lien and Lunde's method do not adequately describe the
trends of the data calculated by the Distinct Element method.
Furthermore, the support pressures result in total Toads that are
significantly higher than the data of Cording et al. indicate would
be experienced in practice.

The data calculated by the Distinct Element method during
this investigation raises one serious objection to the use of the
design equation presented by Cording et al. Without exception, all
of the geometries modeled using the Distinct Element program had an
RQD value of 100 percent. The use of the design equation postulated
by Cording et al. would, in this instance, result in a significant
underestimate of the amount of required support force. The value of
"n" corresponding to an RQD value of 100 percent is 0.1; the
majority of the plotted data, both that calculated by the Distinct

Element method and that reported by Cording et al. can be seen to
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1lie above the curve corresponding to an n value of 0.1. Perhaps

i

;

|

|

|

i an equivalent RQD based upon seismic velocities could be calculated

: for the Distinct Element geometries, but it is really outside the

| scope of this investigation to attempt a correlation of this type.
Figure 5.19 presents a summary of the required support force

as a function of span for those masses investigated by the Distinct

F Element method; also included in the figure is the actual design

| data summarized by Cording et al. The curves indicating the trend

of the data have, in this instance, been calculated using equation

5.14. The presented curves fit the data as well as those suggested

by Cording et al.; however, in this case the curves are a function

of the aspect ratio of the blocks formed by the jointing. It is

not immediately clear that there should be a correlation between

RQD and aspect ratio of the blocks. It certainly would be feasible
to estimate the block aspect ratio if directionally biased RQD data
were available, but RQD data is not typically recorded in this
manner.

It was not the intent of this section to deduce a relationship
between RQD and the aspect ratio of the jointing; what was desired

was computationally based verification of empirical rock load

estimation schemes. The properties of the basic nodel chosen for
investigation indicated that a reasonable estimate of the upper
Timit to the amount of load to be resisted by the support system
could be calculated in terms of the geometric parameters of the
rock mass and excavation. The eventual results indicated that this

upper limit, the potential ultimate roof load, was actually the
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value for which the supports should be designed. This value could
be calculated by equation 5.8 or estimated in terms of the aspect
ratio of the blocks. Comparison of the results to actual design

data indicated a high degree of correlation.
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5.5 The Lffect of Joint Interlocking on the Ground Reaction Curve

The rock wass models that have been presented previously
possessad the characteristics of the basic model described in
Chapter 4.3. The basic response characteristic of this model is
that a trianaular wedqge of material separates from the rock mass
as failure occurs. Before the basic model for study was selected
the behavior of a number of varied joint geometries was investigated.
One of the most striking factors to emerge from those analyses was
the sensitivity of the rock mass behavior to joint orientation. Of
particular interest was the observation that geometries initially
observed to he unstable, often stabilize after a finite displacenent.
This sensitivity of rock mass behavior to joint crientation can be
illustrated for a particular mass configuration by varying the joint
orientation without changing any of the other parameters. The
ground reaction curve provides the means for quantifying the observed
differences in roof behavior.

The basic rock mass geometry to be investigated is illustrated
in Figure 5.20(a). The wmodel represents an excavation in a medium
with two well defined joint sets. The major set dips gently and is
continuous; the minor set is somewhat variahle in orientation,
crosses the major set approximately at right angles on the average
and is discontinuous. Exposed in the upper right hand side of the
excavation is an almost triangular wedge of material bounded by
joints with a friction anqle of 50; all other joints have a friction
angle of 26.5". The triangular wedge represents a shear zone and

its presence can be expected to govern, or at least severely
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influence, the behavior of the rock mass.

The eventual deformed state of the rock mass is illustrated
in Figure 5.20(b). Immediately obvious upon inspection of the
figure is the fact that the roof has stabilized as evidenced by the
lack of contact between the roof and the leftmost portion of the
shear zone. This stabilization is the result of joint interlocking
leading to the formation of the roof arch which acts to transfer
the loading forces to the abutments. The roof and ground arch can
be seen in a plot of contact vectors but tend to be observed by the
plotted joints. In order that the arches could be seen, the regions
corresponding to the high contact forces have been outlined and
shaded; the ground and roof arches corresponding to the rock mass
of Figure 5.20 are illustrated in Figure 5.21(a).

A quantitative expression of this arching behavior is indicated
by the ground reaction curve which has been separated into its
vertical and horizontal components, presented in Figure 5.20(c).

The vertical component curve demonstrates a general decrease, with
displacement, in the amount of load to be resisted by the supports.
In fact, at a deformation of 0.5m the only vertical load on the
support is the weight of the leftmost triangular portion of the
shear zone. This decrease in load corresponds to the development of
the roof arch with vertical displacement and the subsequent transfer
of vertical force to the sides of the excavation. The horizontal
component indicates that at a deformation of 0.5n the force is
practically zero. The reason for this can be seen by reference to

the diagram showing the ground and roof arches, Figure 5.21. The




Figure 5.21

Pressure distributions in: (a) a
stabilized roof, (b) a failing roof.
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roof arch transfers load onto jointed blocks relatively near the
excavation. The resultant of this abutment force tends to push the
blocks back into the rock mass and thus acts to reduce the horizontal
load on the supports. Note that if the amount of deformation could

be tolerated, this roof would stand unsupported.

The measurement of joint orientations in the field is always
subject to a high degree of subjectivity; since the joints can only
be observed at outcrops, local undulations can introduce a degree

of uncertainty in the measurement of the true attitude of the

e

discontinuities. The significance of accurately determining the
joint orientations is dramatically illustrated in the second part
of the example.

Figure 5.22(a) illustrates a rock mass geometry that at first
glance appears identical to that presented in Figure 5.20(a).

Closer examination of the figure indicates that although the major

joint sets have identical attitudes in both figures, there are
minor variations in the orientation of the discontinuous cross
jointing. In particular, note the small cross joint exposed on
the left hand side of the excavation which has been emphasized

in both figures by indicating its loaction by an arrow. It was
noted that on the average the cross jointing was approximately
perpendicular to the main joint set. An uncertainty of five
degrees in the measured orientation of a joint is not a large
number, nor are variations in true joint inclination of from five
to ten degrees uncommon. Whether the variation between the models

arises from errors in measurement or true deviatiuns in joint
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attitudes is not significant. What is important is the fact that
the behavior of the two models changes markedly in response to
relatively minor changes in joint orientation.

One stage of the deformation of the model is illustrated in
Figure 5.22(b). Examination of this figure indicates a more wide-
spread disruption of the roof than in the previous model but even
more importantly, there is continuous contact through the roof down
to the support.

Once again the ground reaction curve illustrated in Figure
5.22(c) and separated into its vertical and horizontal components
provides the means to quantitatively describe these observations.
The most striking dissimilarity in the ground reaction curves is
that the second model is characterized by required support loads that
do not diminish with increasing displacement. This roof is com-
pletely unstable and requires an external support system. The
required support is relatively constant with deformation up to a
displacement of almost one meter.

The instability of the roof is indicative of the Jack of
formation of the roof arch. This is indeed the case as can be
seen by reference to Figure 5.21(b). The magnitude of the force
to be resisted by the supports is limited by the full development
of the ground arch. The lack of development of the roof arch
prevents the mass from stabilizing and necessitates the emplacement
of an external support system.

It is of interest to compare the actual support loads deter-

mined from the preceeding analyses to the theoretical values as
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predicted by Terzaghi's method. The characteristics of the models
indicated that the proper classification for these masses was
the hard stratified rock category. This category is typified by
little resistance against separation along strata boundaries and
the weakening of the strata by transverse joints. The moderately
jointed rock category requires intimate block interlocking or healed
fracture whereas the blocky and seamy category requires blocks which ;
are separated along joints and imperfectly interlocked. The last
two categories are actually the limiting cases for the hard
stratified rock category.

The sum of the horizontal and vertical components of the ground
reaction curves for the two previous examp les are plotted in Figure
5.23. Also pliotted in the figure are the values of the support
load as predicted by Terzaghi's theory.

The constant value of the total support load as calculated
for hard stratified rock by Terzaghi's theory is 700 kN/m of tunnel
length; compared to the ground reaction curves in Figure 5.23 an

over-design is indicated. For displacements less than about 0.25m

the relative differences are 25 percent and 30 percent for the ;
failing roof and the stabilizing roof respectively. For displace-
ments greater than 0.25m the relative difference is approximately
50 percent for the failing roof and increases with displacement for
the stabilizing roof. The relative difference between observed
load and predicted load is seen to be significantly greater for the
two support load values calculated by the equations for blocky and

massive rock masses, which are 800 kN/m and 350 kN/m of tunnel
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Tength respectively.

The support load as predicted by the method developed in this
chapter is also indicated in Figure 5.23. Although tha model upon
which the method is based involves only horizontal and vertical
jointing, examination of Figure 5.21 indicates that the mechanism
of load transfer in these two examples is similar to that observed
in the basic model. The parameters needed to use the design chart
presented in Figure 5.4 are illustrated in Figure 5.23; the span is
7.5m, the block width is 3m, the block thickness is 1.6m and the

weight density of the material is 26 kl/m®. The potential ultimate

emmAeTT e T

load to be resisted by the supports is found to be 545 kN/m. This
value is plotted with the ground reaction curves in Figure 5.23 and
is seen to agree quite well with the required support loads

indicated by the ground reaction curves. For displacements less

than about 0.25m the relative differences are approximately 5% and
10% for the failing roof and the stabilizing roof, respectively.

For displacements greater than about 0.25m the relative difference

is about 15% for the failing roof and increases with displacement

for the stabilizing roof.
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The design of underground excavations, particularly the
design of the support system is largely based upon precedent.
The summary of methods commonly used to predict support load
pressures indicated that the earlier methods categorized support
requirements by subjective, qualitative descriptions of the
rock mass. The more recent methods have introduced some
measure of objectivity into the classifications, and strength-
ened the data bases underlying the schemes by collecting
information from more sources. Theoretically, at least, two
engineers with identical field data should arrive at similar
conclusions using these classification schemes.

One current school of thought in tunnel design advucates
the philosophy that the behavior of an underground excavation
is governed by the interaction between the mass and support
system. The analyses described in this chapter had as their
basic goal the multiple task of satisfying current thought on
tunnel behavior while at the same time attempting to exhibit
either verification or total nonagreement with the results pre-
dicted by the empirical methods.

The method chosen to attack this problem was to determine
the ground reaction curves or support-deflection behavior of
numerous jointed mass/excavation configurations. In this
manner it was hoped to demonstrate that the Distinct Element
model solutions would always predict support pressures that
were significantly lower than those calculated by the empirical

methods, since the predictions of these methods are based upon
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supporting the total dead weight of a specified volume of
rock. For the basic geometry selected for the study, the
weight of the material for which it is kinematically
possible, neglecting any supporting effects, to move into the
excavation, and thus load the supports is easily calculated.
It was expected that this potential ultimate roof load would
provide a rarely attained upper limit to the necessary value
of support resistance indicated by the analyses.

Both of these assumptions were found to be incorrect;
in fact, the data indicate that the value for which the
supports should be designed is given by the potential ultimate
roof load. While this value is typically noticeably smaller
than the support loads predicted by the empirical design
schemes, there is not enough of a difference to conclude that
it has been demonstrated that the use of the empirical methods
results in an overdesign.

To understand the reason for the similarity of results,
the characterization of the joints must be examined. The
joints used at the present time in the Distinct Element method
are smooth planar structures which have strength only through
frictional resistance. The joints do not possess cohesion.
Cohesive resistance is more significant in the initial strength
of a rock mass than in determining the failing behavior. Not
much is lost in the analyses of failing rock masses if no
cohesion is assumed. The joints also are not characterized
by dilatancy. The dilatancy properties of real joints

contribute additional strength through volume increase
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as shearing occurs. MNeglecting the dilatancy of the joints must
result in a conservative estimate of the strength. Additionally,
in real excavations there is another dilatancy caused by the volume
of rock surrounding an excavation moving radially inward. This
mass dilatancy also acts to increase the normal force acting on

the joints and thus increase the mass strength. The Distinct
Element modeled geometries were designed so that only roof
deflections were possible and thus neglected this mass dilatancy.

Another limitation imposed upon the analyses described in this
chapter is concerned with the joint stiffness. In order that the
program could be implemented on a mini-computer, many simplifications
needed to be made; one of these was the use of "integer" arithmetic
with the burden of watching the signs and decimal points placed
upon the programmer (Cundall, 1974). One cignificant consequence
of this was that the joint stiffness turned out to be a function of
the problem size. The range of joint stiffness that could be
investigated was thus 1imited. The approximation of the horizontal
stress field as a constant load would negate the effects of varying
the joint stiffness in any case.

It must be emphasized that the approximations just described
are not a consequence of the Distinct Element formulation, but of
the mini-computer configuration of the program. These approxima-
tions would not need to be made if the program ran in an environment
of larger memory on a computer possessing a floating point processor.

The implication of the results presented in this chapter can

thus be interpreted in one of two ways. By neglecting dilatancy,




V-88

a correlation was found between the required support force and the
potential ultimate roof Joad. This support force was also found to
correlate fairly well with the empirical methods particularly those
of Stini and Cording et al. If it can be inferred that the failure
to incorporate the dilatancy properties of real joints in the
analysis leads to a value of the mass strength that is too low, then
it can be concluded that the potential ultimate roof load and thus

; the empirical methods represent a conservative value of design load.

The second interpretation also follows from the properties of
the joints. It is reasonable to expect that the dilatancy properties
of joints would play a miner role in situations of relatively low
stress. It can thus be concluded that dimensioning the supports to
resist the potential ultimate roof load, or using one of the
empirical schemes should give the best results in problems involving

low stresses.




CHAPTER VI

SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FURTHER DEVELOPMENT

Before summnarizing the results of this investigation, it
is imperative that a few sentences be devoted to defining the
"ground rules", so to speak, which must govern the discussion
which follows immediately. The limitations placed upon joint
behavior cannot be overemphasized. The joints within the models
utilized in this study were smooth and planar; any shear resisting
strength of the joint was due solely to frictional resistance
developing as slidinc occurred. The joints did not possess cohesive
strength; as the cohesive properties are more important in determin-
ing the initial strength of the mass, it was felt that little was
lost by modeling failing, jointed masses by surfaces having no
cohesive strength. The same cannot be said for the fact that the
Joints utilized did not possess dilatancy characteristics. It is
possible that the inclusion of joint dilatancy could significantly
affect the resultant mass strength and thus the outcome of many of
the analyses reported in this dissertation.

A complete suirmary of the results of each section is presented
at the end of that section; the sunmary of results presented here
will thus be relatively brief.

One of the main goals of this dissertation was to demonstrate
that the behavior of jointed rock as predicted by the Distinct

Element method was realistic. The approach taken to demonstrate the
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validity of the Distinct Element method was based upon comparison
to solutions commanly used to describe the behavior of jointed rock
masses. The majority of the solution methods chosen for comparison
were based upon Limit Eguilibrium principles; a basis for selection
for comparison was a subjective criterion of how well the solution
described the behavior of the model. Thus those solutions selected
for comparison are typically simple and the resultant behavior can
be intuitively predicted. 1In all of the comparisons presented in
Chapter 3 as well as others presented throughout the remainder of
the dissertation, the Distinct Element calculated behavior was seen
to correlate quite well with the theoretical solutions.

The second portion of the dissertation described the results
of numerous analyses of the behavie »f jointed masses by use of
the Distinct Element method. The goals of these analyses were to
determine those parameters to which the stability of an excavation
in jointed rock was most sensitive and to investigate the effects
of support interaction in jointed media in an attempt to determine
if a rational basis existed for the continued use of empirical
design schemes.

The subjects of Chapter 4 were an investigation of the force
distributions surrounding excavations in jointed rock masses and
an examination of the stability of unsupported excavations. The
topics were approached through numerous models in which the input
parameters were varied and the resultant behavior of the model

observed. The behavior of the models was illustrated by means of
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contact force distributions and block displacements plotted on the
graphics terminal. The behavior of the models was seen to he
governed by force transfer due to the development of arches
following block rotations. The stability of an excavation was seen
to be sensitive to the horizontal force, the joint friction
coefficient and the spacing of the vertical joints. A linear arch
analysis neglecting crushing of the blocks and lateral stiffness of
the abutments was compared to the behavior as observed by use of the
Distinct Element method. Good agreement between theory and observa-
tion were noted for single layer models. The theory did not account
for the presence of additional shear resistance available in multi-
layer models and thus there was a poor correlation between theory
and observed data.

The investigations described in Chapter 5, on the other hand,
were concerned with the behavior of excavations which required
externally applied support to maintain stability. The investigations
were concerned with the interaction between the supports and the
jointed mass and formed the basis for a comparison with different
empirical support load prediction schemes. The required supporting
force as predicted by the Distinct Element method was obtained
through the use of ground reaction curves. These Distinct Element
calculated support forces were then compared to the support forces
predicted by the empirical methods. Incorporated within this
comparison was actual support design data for several underground

excavations.
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The methods which best describe the combined Distinct Element
calculated data and design data were seen to be the methods of
Cording et al. and the method based upon the potential ultimate
roof load described in Chapter 5. It should come as no surprise
that Cording et al.'s method fits their data; it is significant that
Cording et al's method fits the Distinct Element calculated data and
that the support load predictions based upon analyses performed
using the Distinct Element method fit the field data as well as is
seen. As was noted in the summary of Chapter 5, the incorporation
of dilatancy behavior in the joints of the Distinct Element model
could significantly alter the results of these comparisons.

The results of the analyses of excavations jointed masses
suggest that the Distinct Element method deserves consideration for
use in the design of underground excavations. There is not meant to
be an implication that all of the information needed to specify a
support system for an underground excavation can be obtained by an
application of the Distinct Element method. It is only suggested
that the Distinct ETement method be used as one of the many toals
used in the design of an underground excavation.

It is tempting to conclude that a viable design technique would
be to analyze a given problem neglecting the dilatant properties
of the joints; using this approach it might be argued that a safety
factor would be built into the analysis. However, until the joint
dilatancy properties are fully understood it must be recognized that
there would be a good deal of uncertainty as to whether or not the

safety factor would be one or ten or even one hundred.




The data which should routinely be collected during a
preliminary site investigation can be utilized in the Distinct
Element method to provide preliminary design information. This
data would likely include preliminary information on joint spacing,
orientation and condition as well as estimates of the horizontal
stress state. Using the Distinct Element method, it could quickly
be determined if the excavation would be stable or require light or
heavy supports. Variations of these input parameters would result
in a good idea of how sensitive the excavation stability would be to
errors in the assumed values of the input parameters. This analysis
could be continuously updated as data from exploratory drilling
become available and further refinements could accompany the excava-
tion progress!

This type of design technique is not limited to tunnels; the
same data and same procedure are equally applicable to the analysis
of slope problems or foundation problems.

These are several reasons that suggest that the method just
described is particularly applicable to a class of problems which
could be best described as Tow stress problems. The very nature of
the present formulation of the Distinct Element method makes it
imperative that it only be applied to problems where the behavior
of the mass is controlled by the jointing; this is a characteristic
of problems that are near or at the surface. A low stress problem
also exists where the frictional resistance of the joints is very

low, perhaps due to the presence of clay seams. The investigations
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described in Chapter 4 indicated that the material within the zone
of potential finite displacement also typically fit the requirements
of low stress behavior, although this behavior can be prevented by
the presence of high horizontal stresses.

The conclusions to this dissertation must also address the
problems encountered due to the mini-computer configuration of the
present version of the Distinct Element program. It should be noted
from the outset that these are not criticisms of the Distinct Element
method itself, but of the equipment upon which the program used in
this study presently runs. Foremost of these criticisms must be
the time required for a problem solution. The relatively slow
computational speed of the mini-computer coupled with the lack of
a floating point processor often led to problem solution times
which could only be tolerated by someone working toward a Ph.D.
Computational times approximately one-twentieth of those encountered
during this study could easily be realized on a more powerful
computer. However, lost by this implementation would be one of
the most powerful capabilities of the Distinct Element program. The
insight into the behavior of a jointed mass gained by examining
contact force distributions at each time step is often quite
revealing. This can realistically only be done on a dedicated
computer.

The amount of computing time required and the limited memory
size of the mini-computer also acted to limit the size of the

problem that could be investigated. These limitations often resulted

in simplified models such as those used to determine the ground
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reaction curves presented in Chapter 5. It was noted in Chapter 5
that the idealizations could have masked an important behavior
response due to inward movement of the side walls accompanying the
roof deflections. This question cannot be resolved until the
Distinct Element method is configured on a system possessing a
greater amount of memory.

One of the underlying goals of this dissertation was concerned
with the utilization of a computer interactive graphics approach to
an engineering problem. One particular phase of the project was
concerned with developing the graphic interaction capabilities of
the present version of the Distinct Element program to the point
where an untrained user, particularly one having minimal familiarity
with computing techniques, could sit down and use the program to
solve simple problems. The solution of this problem was to incorpo-
rate a great deal of explanatory material within the program. It is

difficult to assess the success of this portion of the project in

other than a subjective manner. It did, however, seem as though
the majority of those using the program for the first time encoun-
tered little difficulty.

Also within the defined goals of this dissertation was the
problem of developing a proper perspective as to the app]icab:;ity
of the Distinct Eiement method. The conclusions drawn are subjective
and incorporate material not described in this dissertation. The
class of problems most suitable to analyses by the Distinct Element
method is characterized by relatively low stress conditions and

behavior which is joint controlled. Typical examples of problems




meeting these requirements involve slope stability, shallow
excavations and foundation behavior. The degree of unconfinement
characteristic of these problems ensures that the behavior of these
types of problems will be joint controlled. However, the possibility
of fracturing of blocks due to local stress concentrations must not
be overlooked. It is reasonable therefore to use the analysis
obtained by the Distinct Element method in conjunction with an
elastic analysis used to determine zones of stress concentration

and thus potential fracture. These potential fracture planes can
then be incorporated within the Distinct Element method to determine
any possible effect.

The dividing 1ine between low stress problems and high stress
problems is not clearly defined. It has been noted that the zone of
material immediately adjacent to an excavation is under relatively
low stress conditions; due to the action of the ground arch the
material surrounding the destressed zone experiences much higher
stresses. The logical solutions to problems of this type.would be
either a coupled elastic-Distinct Element program or a modified
Distinct Element program which incorporated elastic rather than
rigid blocks.

It is clear from the work typified by Daemen (1975) that
highly fractured rock can be modeled by a continuum representation
incorporating residual strength properties. It was not possible
within the context of the present study, given the limited number
of blocks, to determine that point at which the behavior of broken

rock ceases to be governed by the directionality imposed by the
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Jjoints and can thus be represented as isotropic. The work described

by Bray (1966) does, however, furnish at least a guideline. Bray
examined the behavior of jointed masses subjected to an arbitrarily

oriented stress field. His results indicated that six independently

oriented joint sets were required before the behavior of a jointed
mass approximated that of a granular isotropic material. The
implication here is that if the material is highly fractured or

if the stress conditions are sufficient to fracture the rock it is
probably best to adopt a continuum approach.

The research undertaken for this dissertation indicated several
areas where further development of the program could be beneficial,
and suggested an area of research that could prove to be most
rewarding.

The first steps that need to be taken in any further development
of the Distinct Element program require faster computational times
and a significantly larger computer memory. The results of Chapter 5
were based upon idealized geometries; the typical amount of mini-
computer time required to generate one of the ground reaction curves
often exceeded two days. This amount of time simply cannot be
tolerated if the program is to be accepted as a design tool. The
shortcomings of the limited number of blocks were also indicated.
The solution to both of these problems is the implementation of the
model on a larger, faster computer.

The most promising areas of further research identified by this
dissertation are concerned with the continued investigation of the

behavior of excavations in jointed rock. Foremost of these should
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logically be the incorporation of dilatant behavior of the joints.
Additionally, an implementation on a larger computer would allow
more blocks per problem and thus a more accurate representation of
an underground excavation. This implementation would also allow
the incorporation of a stiffness representation of a support system.
This would also lead to a better description of the support system/
mass interaction. It is still felt that, if at all possible, this
implementation should take place on a dedicated computer.

The area of research not covered by this investigation which
holds promise for a future study is a detailed comparison of the
results of observations and careful measurements of physical models
and comparable model behavior calculated by the Distinct Element
method. This research could form the basis for the incorporation
of dilatant behavior in the Distinct Element method as well as
providing additional verification of the Distinct Element method
through carefully controlled physical testing. In fact, it is easy
to visualize a research program that is highly complementary in
nature, utilizing a sort of "feedback" system. The Distinct Element
method would be useful in the interpretation of the observed data
from the physical model while at the same time, the physical model
would help to refine the equations used in the Distinct Element

formulation.
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APPENDIX A
THE DISTINCT ELEMENT METHOD

The Distinct Element method is a computer model described by
Cundall (1971a) that simulates the behavior of a<cemblages of rock y
blocks. The version of the program described by Cundall (1974)
forms the basis for the work described in this thesis. Significant
features of the program described by Cundall (1974) include arbi-
trary block shapes, unlimited block displacements and rotations,
and a high degree of user interaction. The interaction requires a
dedicated computer and centers around a graphic terminal with a
cross-hair cursor input capability. The system enables the user to
draw a picture of the problem on the terminal and watch the subse-
quent movement of the blocks as gravity and other loads are applied.

A very thorough presentation of the algorithms implemented in
the program, as well as a description of the required hardware, is
given by Cundall (1974). The purpose of this appendix is to briefly
summarize Cundall's description of the program and note the signif-
icant additions to the formulation. Little would be gained by re-
peating Cundall's descriptions since his report is readily available.

The calculation cycle used in the program is similar to the
one used in most explicit finite difference calculation schemes.
Forces arise due to the deformations that occur at corner-to-edge
contact points. In each time step of the iteration the incremental
shear and normal displacements for a given contact point are

calculated using the incremental translational and rotational
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displacements of the two blocks in contact. The new shear and
normal forces acting on the blocks are then calculated from force-
displacement relationships. A1l of the contact forces for a given
block are then resolved into an equipollent set of forces including

a moment acting on the block.

The force and moment sums acting on each block are used to
compute translational and rotational accelerations for the block.
The accelerations are integrated numerically to obtain block
velocities which are then integrated to give the block displace-
ments. With this new set of block displacements the iteration cycle
can begin again. Note that if the force and moment sums acting on
a block are zero, there will be no acceleration of the block; this
is precisely how the program models an equilibrium state.

Before the displacements and accelerations of the blocks can
be calculated, however, some method of defining the block geometries
must be implemented. The blocks could be treated as "elements"
related to defined nodal points as is done in conventional Finite
Flement analyses. The input would thus consist of numerous cards
containing nodal point and element data; anyone who has attempted
this to define a mesh for a Finite Element analysis is acutely
aware of the frustration that results from trying to “debug" such
a mesh. The approach adopted by Cundall (1974) and implemented in
the program used for the research described in this dissertation
nvercomes the difficulties associated with mesh generation. The

actual rock mass geometry, as defined by the jointing, is drawn

on the screen of the CRT. A1l calculations necessary to determine
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the significant coordinates are thus performed by the program. The
structure of the program is governed by the size limitations imposed
by the mini-computer; the actual programn consists of three overlays
which correspond to the three main calculation phases of the program.
Phase 1 of the program governs the interactive dialog by which
the lines defining the block geometry are created. A flow chart for
this section of the program is given by Cundall (1974); the flow chart
is essentially valid for the present configuration of the program.
Care was taken so that the changes to Phase 1, which will be
described presently, did not alter the program sequence or execution.
The two main changes made in the Phase 1 section of the program
are concerned with the format of the data input and the storage and
subsequent retrieval of data files. Whereas the initial version of
the program used only the cross-hair cursor of the CRT for input,
the present version of the program uses a graphic tablet
("digitizer") and a numeric input scheme as well. The three
routines are virtually identical and, in fact, use only one set of
coding. Whichever routine is active at a given time is noted by the
value of the variable KODE: KODE = -1 signifies that the numeric
input routine is selected; KODE = 1 signifies that the graphic
tablet is in use; and, KODE = 0 signifies that the cross-hair cursor
is being used for input. Al1 three input methods may be used for a
single problem. Potential users wishing to implement the modified
version of the program need only supply software for the graphic
tablet (Subroutine DIGIT). It should be noted that the numeric

input routine contains a scale factor. In this manner, actual field
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coordinates may be used as input, and divided so that they meet the
program requirements (see Cundall, 1974).

The second major change in the Phase 1 program enables users
to store data files consisting of line segments and coordinate
data. To do this, the common blocks are written to or read from
the Linc tape units. The operation is straight forward; line 57 of
the program (see Appendix C) LIST (3) = 13286 is simply a "password"
to prevent garbage from being read as a data file.

The second overlay, Phase 2, is unchanged from Cundall's (1974)
original listing. This is the routine that scans the Yine segments
created in Phase 1 of the program and converts the line segments
to closed areas. A flow chart for this routine is presented by
Cundall (1974).

The first two overlays of the program are written in Fortran;
to conserve memory, the third overlay is written in Data General
assembly language. The only serious drawback caused by this is
that the present version of the program will only run on a Data
General computer.

Most of the changes made to the program were concerned with
the third overlay, Phase 3. This section of the program contains
the coding necessary to compute the block accelerations and
displacements. Detailed descriptions of the modifications will be
noted in the descriptive summary of the Phase 3 subroutines to be
presented shortly; the main calculation cycle, however, remains

essentially unchanged.

The equations used in the main calculation cycle are summarized
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on this and the following pages and are taken directly from

| Cundall (1974).

block 1 (xi,y‘) = global co-ordinates
of block 1 cercroid

) ontact point (x%,y%) = global co-ordinates
//s,////c of block j centroid
/y (x€,y¢) = global co-ordinates

of contact point ¢

Incremental
i displacements Note: All forces, displacenents
, & rclations and angles are shown
actirg in the positive
'/ block 3 direction.

Bu= Au:- Au’;+ A8(x¢ - x*) - 28(x" - x¥) }
(1)

AuS= Aui- Aul- AB(y- y') + A6(y° - y¥)

Relative, incremertal
X and Y displacements
(of 1 relative to J)

s Sieiibaatie o i

bu§ = bujcosa + Aujsina
cereeneas (2)

Auf = Aufcosa - Augsina

Relative, increrental
normal and shear
displacements (of 1
relative to J)
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Equations (continued) Fu := FX - aul.ka
F§ := Fi + aus.kg
Dn = -&5.K, }(Dashpot ferees, D
¢ _ e act 1n sume marrer
Ds = du;.K, as F forces)

The above equations are subject to the
following conditicns:

. (3)
Shear and normal _ + Ir F: <0, :
forces for contact set gg = 8 > gf ; 8 } (no-tersion)
3

+ If |F5| > u.F.,
set Fy := p.Fi.sign[7{] (fricticn law)
D =0 (no damping when sliding)

(where: ka = normal stiffress,

ks = shear stiffness,
K. = normal dashpot constent,
Ks = shear dashpot constant.)
Fy = (F§ 4D )sire - (FS + DS)cosa
F9 = (F¢ 4Df)cose + (FS + DS)sirm
el _ _nt)
. F,‘ = -Fy 4)
] FCL = %
: R .
V —i Frioed = applied x load
EY B - body
- Fyeed = applied y load forces
o J Contact forces Fyeev = gravity force e}

resolved into global
X - Y directions

B S £ O
Fgflvn = ZCF;‘. + ..;loo.d + F;gmv ) (5
M;un = ic {F:‘(xe - xt) - F:‘(yc - y\.)}
Note: ] means the sumation over all

contact polntsfor block i

Exactly similar eguations are used for
block J

Total forces and moments acting

on block 1 fourd from the sum of
F the contributions of each centact.
Xyum

* The symbol := means “replaced by"

The formulation of equation & differs slightly when joint water
pressure is present (see page A-22).
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Equaticns (continued)

—— - v .
. . Fysum AL
:= +
Uy Uy e
e .t . Frrom At .
Gy = G + _L—“‘m‘ {6)
H
.3 X 4 LAY
e» = h + ._‘L:‘[_.L___

Similarly for block J

velocities: { 8t = time increment;
m' = mass of block 1;
I' = moment of inertia,
block 1.)
Velocitles are cderived
from forces, by numerlcal
integration
v et
Auy = u,.AT
..... puf = al.at
a8t = 8.t
. . . {7
u, = u, + Auy

i= ul + Auf
g = 8" + 48

displace-

ments Similarly for block Jj

Incremental displacements
and absolute displacements
derived from velocitles.

At this point the calculation cycle is complete since the
incremental displacements needed by equation 1 on page A-5 have
been calculated. A complete discussion of the relationships used
in equations 1 - 7 is given by Cundall (1974). The algorithms uoed
to derive the coordinates and angles used by equations 1 and 2

are also presented.
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As a prerequisite to the discussion of the Phase 3 subroutines,

o, ch SN

a brief discussion of the data structures is necessary. The
problem of unlimited block movement and the potential for any
given block to contact any other block requires an efficient scheme
of memory management. Simple sequential arrays are not sufficient
for the task at hand as it requires that the words in the memory
be subject to additions and deletions of data while at the same
time the amount of unused memory, memory reshuffling and processor
time must be kept to a minimum. The solution implemented by
Cundall to alleviate the difficulties of handling large, sparse
data arrays was borrowed from the techniques of manipulating infor-
mation Structures by computer. The data structures rely heavily
on the techniques of 1ist processing whereby the data is stored in
short Tists in arbitrary computer memory locations with one word of
the 1ist containing information sufficient to locate subsequent
data. The entirety of the data can thus be imagined to be one long
list comprised of several short lists strung together through the
memory. The reader who requires exact details concerning the
implementation of the list processing techniques is advised to
consult Cundall (1974) pages 62 - 72. A1l that will be presented
herein is a brief overview of the list processing implementation
and a description of the format of the data structures used in the
present formulation of the program.

The storage requirements for a given block model due to tte

problem of allowing any block to touch any other block are overcome

by a 1ist scheme. Al1 block corners are classified into coarse
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boxes covering the screen area. When the program needs to know if
a given edge is near any block corners, it is only necessary to
scan the area delimited by those boxes encompassing the edge. As
the blocks move as a result of forces acting on them, their
corners are reclassified into new boxes if necessary. This boxing
scheme turns out to be very efficient as only a small amount of
computer time is required.

It is impossible to allocate sufficient memory space for all
possible block to block contacts - the space required is far too
great. The only viable solution is a2 method to allocate memory as
it is needed by the formation of a new contact and return the
memory to a pool of available memory when it is no longer needed.
A scheme of Tinked memory ailocation provides such a solution and
is implemented in the Distinct Element procram.

In the program a fixed group of words is reserved as a set of
pointers; each word corresponds to a given block. Each pointer
contains the address of the start of a linked 1ist of all contacts
for the block associated with that pointer. Another list is used
to store all of the memory which became "dead" once a contact was
broken. When a new contact is detected by the program the program
first checks the 1ist of dead contact space. If space exists it
ijs used, otherwise, previously unused memory at the high end of
core is allocated. The following pages describe in detail how the
data is organized in the computer memory. The first page following
shows a total memory map illustrating the four main parts of the

memory. These are:




a) the program

b) the sets of data pertaining to each block
c) the pointers and data necessary for the "boxing"
scheme, and

d) the data sets and pointers pertaining to the contact

between blocks 1
The suhbsequent pages illustrate expanded forms of groups b, ¢, and d
to show in detail the structure of each list.

The present formulation of the program utilizes another

linking scheme to store the data pertinent to applied joint water
pressures when they exist. The format of data lists used in this
scheme js also illustrated. There are two other linked lists
threaded through the memory that must be mentioned; these are the
"empty" lists used to reference previously used memory space that
is now free for re-use. Memory is made available whenever a
biock contact is broken or when a pressure segment is deactivated.
The two empty lists and the joint pressure lists are referenced by
global memory pointers and make use of whatever memory is available.
Adding or reclaiming a group of words from the empty Tists is
simply a matter of reshuffling the link bits and is illustrated by
Cindall (1974).
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Tctal regory map for

Phgse 3

pargss

word 77777 7/'9;7/‘

T760C,

Note: 77777, words corresgends to 32X memory

} loader space (always preservad)

free mermory (usad to store new contact data,
as recessary)

AV

Y

e

k)

f

~—.M7----- Current Iimit of used merory (mey increase

&3 run progresses)

Linved lists ¢f block contacts

~— M-y

Block polntersy/
arranged N\
sequentlally

Block point

N
arranged ;
sequentially "///*’

koo,

Contains, for each block, a pointer
to the list of all contacts for that

I377. viords:
] block

RV G g

Linked 1ist of block corners. The length
is fixed for a glven set of blocks, but the
links w1ll change a3 the bloeks move.

- M-

1320. words:
—~—— M3k

Array of boxes, each pointing
to 2 1list of comers faliing
in that box

Sets of data for each block

- M2y

]377. vords:
—— ML Y

Contains, for each block, a pointer
to the data associated with that
block

Phase 3 program (length around 15000, words)

- -d

vord 0

}Page zero: reserved for storage of global symbols

Note: 20, M2 etc are the global syrbols
that refer to the pointers to tha

remory locations shoan
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. expandsd to show format for on= block
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5Oy
. ﬁdd§<3x5'
(B AN 2 3 L 5 6 7 ;
‘NC XCp s XCl o YCM YCl o X~VEL € AFSUA

- first 8 bits
C expandsd to show fcrret:

] [ ] [ l LT l‘:J——f‘lag to indicate appiied pressure {é
u_ 0 = free

mester fixed/fres= flag{l = fixed

ST o o .. f0 = free
manual flxed/free flag 1 = fized
short block

long block

sign of sine

sign of cos

0

long-block flag { 1

(numbers are
octal)

continuzd on raxt pae

I3}
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25 26

27

30

31

Xij¥a

H
y Dt
]

X2 le 'L: | X3 lYa

. —

]
1
'
[]
]
[
P
[}

25 26

27

Format for "lorg block':

30

31

12 bits for length
Four bits tfor swiace type nurber

32 33

\-9» Yo Yo

Lo

X1

¢4

1
! Iy X2
]

\ always start at

viord #25

PromE: If any X
greater than 127,,, tko
biock is classified as A
LQ.G BLOCK, and the
secend format shown is

cr |Y.| is

used. Tnis is to =

rarary, as only o fow
blocks will b2 lorz.

o~ corner co—ordinates

(Xy ,Yz)

Numbaring convers

(L3 are lenzths)

(}Ll,Yi) are local co—crdinates




t
/ / -
__xy_ hizh
T2mory
] I -t

By 5)

ejach entry
consists of two wds:

{ !
1 word | \:

g 18 11 word

W)
2
al

. v
o hita,

- ni ' _
‘{ w38 LK l

(acdress cf next In
chain, or an end
rark [1777773)

Corner (or point) Block
nunbar nurber

-—_

Idontifies the particuizr
cormner of tne particular
lozk that falis in the
assoclated tox. Tne cata 1

for that bleck and comer
ray then be found frem the
bleel: data armys (¢ £3)

" y- 4 we - -
Note: .3, LMG & Lip oere the giebal symhols (progem rames)
for trn2 pointers to th? j70UDS G m2mOTY showm




. <, - I 14 -
orat o contocht ¢tz lista,

s
block 3
block 2
5 block 1
block O

s
i
1

L -4 b - e
\Pointers to contact
lists, arrenged
sequentially.

cne growp of
contact data

Groups of data for sach contact
arrangzd es lirlzed lists for each ———"“l
block

— expandad to show formmt for one contect —

Edge # camprising
this edge/corner
contact:

o

ni Slow

left-hand 8 tits
expanded to show forrat]

M et e
shear displacensen

o
—— Address of next contac

L for this tlock.
r[ I F [ T I I l Block and cermer nurmbers
[ - —— —

"preserve" flag
(used by UPDAT routine)

cerresponding to the correr
surface type nurber cc‘gprisirg this edge/cozﬂer

catact.

(nurbers are

sign of cos

sign of sin

octal)

-

0 = positive
1 = necative




Forrmat of Linked Lists of Pressyre Secrent Data

if no pressure sasments exist, .PRES = -1

eccentric moment
x-dir. component of force
y-dir. component
S

edce number
{ block number

;0 1 2 3 4
NP iNB F LINK M Fx Fy

address of next pressure segment cdata

applied force

!

if end of 1ist , -1 stored as flag

The empty Yist of pressure segments strings together groups of six words
which were previously active as pressure segment data lists. It is
accessed by the pointer .PEMT .

N
N 1 111 1111

—

The empty list of contact data has a similar Torm but the list groups
are 13, words long. It is accessed by the pointer .EMPT .

N = /
S
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With this preliminary information in mind, a brief discussion
of each of the subroutines of Phase 3 may now be presented. The
logic of the subroutines is straight forward and due to the number
of comments interspersed in the listing, there seems to be little
need to present flow charts for the programs. The brievity of the
discussion is justified by the fact that Cundall (1974) has
adequately described the original versions of the subroutines.

The descriptions presented herein are thus primarily concerned

with the modifications made to the program.

Subroutine TRANS

The purpose of TRANS is to translate the Fortran data arrays
into the Phase 3 format illustrated on pages A-12 and A-13. It
is the first subroutine to be executed in Phase 3 and is only used
once. The program originally (Cundall, 1974) was overwritten by
the data input routine, but this is no longer so. Additionally,
TRANS classifies all of the block corners into boxes utilizing the
format illustrated on page A-14; Cundall outlines the procedure
for accomplishing this.

The changes made to TRANS are minor and are outlined in the
following sentences. The initial progrum version was implemented
for a specific memory size; the present version determines the size

of its environment and adjusts itself accordingly. The routine

o

determines the locations of the Fortran common blocks and sets

several pointers. The memory sizing routine works for all physical
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configurations except 32K words; for this memory size the common
block locations are displaced by one word. For this reason

variable 1Y is dimensioned as 513 only in Phase 3. This juggling

is not necessary for other memory sizes and may not be necessary

for other operating software.
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Subroutine CONTR

The next routine to be executed governs the main control loop;
subroutine CONTR also monitors the keyboard. The logic of the
program is unchanged from Cundall (1974) but the fact that this
routine embodies the main calculation cycle merits the presentation

of a flow chart.

subroutine MOTIO  subrcutine EEBOX

Calculate the new

displacements for all Re~classify a

blocks fram the force sums block 1n a new
X box if

(Law of Motion)

(Equations 6 and 7) necessary

subroutine FORD

Calculate force sums for
all blocks from
Incremental displacements

(force/displacement laws)
(Equations 1 through 5)

any key
J but "S"

If key 1s
recognised, take yes
appropriate
action.

has a
key been hit

A'8" key for Stop

[set UCNT :=UNT - 1]

suproutine UPDAT

STOPPED

Walt here for key;
take appropriate
action if a key 1is
hit.

For all blocks:update all

no ves | existing contacts;

| search for and create new
contacts where necessary;
delete broken contacts.

"'G" key, for GO
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The overall logic of CONTR is straight forward and simply
involves the evaluation, for each block in turn, of the sets of
equations listed on pages A-5 through A-7.

The calculation of the displacements from the forces
(subroutine MOTIOQ) involves the evaluation of equatiors 6 and 7
for each block. Accelerations derived from forces are integrated
twice to give displacements. Gravity forces and any applied
forces are added to the forces derived from block contracts.

In this part of the calculation cycle the magnitude of the
displacements are also monitored and if necessary, control is
transferred to the routine that determines if any of the block
corners need to be assigned to new boxes.

Having thus obtained incremental displacements for all
blocks, the force/displacement laws (equations 1 through 5) are
used to obtain contact forces.

The control routine also calls subroutine UPDAT every so often
to update the coordinate data used in equations 1 through 7.
UPDAT updates the sine and cosine of the edge in contact with a
particular corner, as well as the global coordinates of the
contact point. UPDAT also deletes broken contacts and searches
for new ones.

The other function of subroutine CONTR is to monitor the
keyboard and respond to keys hit by the user while the program
is running or waiting. The program responds to the keys and

modifies the sequential operation of the program. The function
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of the individual keys is clearly explained in the listing of

CONTR (Appendix C) as well as in Appendix B.

Subroutine REBOX
As has been observed, the corner reboxing routine is called
from MOTIO whenever a block is suspected of having moved
sufficiently to need its corners reclassified into new boxes.
The Togic of the corner reboxing scheme is presented by Cundall
(1974) and 1is unchanged in the present version of the program.
REBOX also updates the applied joint water pressures. The
water pressures must act normal to the joint surface and do not
dissipate as the blocks move. Any rotational movement of a block
with an applied water pressure would lead to a change in the x and
y components of the applied force. Subroutine REBOX updates this

information whenever it is called for any block.

Subroutine MOTIO

This subroutine evaluates equations 6 and 7 on page A-7 for
all blocks except those having either the master or manual fix
flags set. As noted earlier MOTIO also makes a decision when to
call the reboxing routine to reclassify any block's corners into

new boxes. A call to REBOX is triggered whenever the cumulative

motion of any block exceeds one screen unit.
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Subroutine FORD

This subroutine evaluates equations 1 throush 5 on page A-5
and A-6 for each block in sequence. It accesses the data stored
in the contact 1ist associated with each block, and computes the
force sums acting on that block. Equation 5 is the only equation
of the main calculation cycle that is different than that presented
by Cundall. It now contains terms to account for the presence
of joint water pressure.

L

. e i
Fxsum = ZDFX + Fload T Fxrrzs

F;wn zc F;‘ + F;loqd + F;fru + F;juv (5)

Mum = e Fcyt (x° ’X() ‘Fi‘ (y<-y") + Mopres
Ford also contains numerous entry points that are primarily used
for experimenting with the program. These entry points allow

modification of block weights and the dynamic factors of the program.

Subroutine UPDAT

The subroutine UPDAT is called once every few iteration
cycles to check for new contact points. UPDAT also updates
coordinate data as requived. The routine is unchanged from the
original form; the description presented by Cundall is very complete

and contains a flow chart of the subroutine.

Subroutine PONT

Subroutine PONT is used to calculate the global coordinates of

a contact point from the local coordinates of that point. This is




done by a simple coordinate transform for a translated origin and

rotated axes. The equations are: (see any book on analytic
geometry)

XG

tH

XC + XL.cosO - YL.sin8

f

YG = YC + XL.sin® + YL.cos8

where XL, YL

I

Tocal coordinates

XG, YG

global coordinates
8 = angle of local system to global system

XC, YC = Tocal origin (= block centroid)

Subroutines DISPL and TEK

With the exception of the contact vectors, which are generated
by subroutine FORD, all screen plotting is managed by subroutine
DISPL. Subroutine DISPL in turn calls TEK which is nothing more
than the basic Tektronix supplied software package for mini-
computers. Whereas Cundall's (1974) version of the program providec
hard copy through digital plotting, the present hardware includes a
Tektronix 4631 copier. Although DISPL will still drive a digital

plotter, this feature is rarely used.




The remainder of the subroutines of Phase 3 are primarily
used for various utility functions. No great detail will be
expended on describing the main function of each routine. The
subroutine Jistings (Appendix C) contain many comments that
indicate how the functions are performed. The interested reader

is directed to the 1listings.

Subroutine INPUT

The utility routines embodied in INPUT are primarily
concerned with parameter specification and modification. Most
significant of the functions are:

1) set up or modify the values of the ten different
friction properties used by the program

2} input of applied pressures

3) numerical input of applied loads

4) set up of displacement control routine

The input of pressure segments deserves f.rther attention. The

presence of water in a joint tends to exert a force against the

joint surfaces. For a single joint surface:

]
1
i




unit depth

/

1) F=p*L*(1)

2) Yg = %3 = Xy

>
o

!

<
n
]

=

3) M=F (sina (yC -y) +cosa (xC - x))

M=% (vg (¥ = ¥) + x4 (x_ - x))
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F and M are calculated as soon as a pressure segment is defined and

never varies with displacement. The x and y components of the force

do vary with displacement and are updated in REBOX.

i~

~—

-n
t

F.sin a

-
[

- F.cos o

The initial value of Fx and F_ is also calculated in REROX.

y
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Subroutine UTIL

Subroutine UTIL contains several utility programs. The entry

points and their functions are:

1)

2)
3)
4)
5)

7)

8)

9)

10)

1)
12)

13)

.HITC - a routine to determine which block has the
centroid corresponding to given x and y
coordinates.

.PRNT - output a single character to the teletype

.ALPH - sets the Tektronix to alpha mode

.PAGE - a routine to clear the Tektronix screen

.LENG - a routine to return the Tength of side NP

of the block in question

.TYP - a routine to return the surface type number

of a given edge

.SCAL - a routine to scale vector lengths

.IPRN - a binary to decimal conversion routine that

prints a right justified integer in a given

field length

.PRN2 - a routine to print a single character cn the

teletype - character is in ACO

.MESS - a routine to print a message at a specific

location on the screen

LAXIS - a routine to draw an axis with tick marks

.GETT - a routine to recejve a character from the

teletype

.DBIN - a decimal to binary conversion routine

FURPRREY

. - e - ot s
ek T A v RN ALE S Basis e ) AR
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14) .CHEK - checks if an ASC11 byte is a digit and reduces

it to binary if it is

15) .WORD - a routine to get an alphanumeric string from

the key board :

Subroutine CYCLE

Subroutine CYCLE contains several additional utility
routines. The entry points and their functions are:
1) .KET - a routine to set velocities to zero at a

kinetic energy peak

2) .RSET - a routine to set the iteration cycle counter
to zero

3) OPTIN - a routine to set options governing vector §
scale factors, automatic copy and automatic !
stop

4) .STEP - a routine to step the iteration cycle counter

5) .TPRN - a routine to print elapsed cycles

Subroutine HITS

Subroutine HITS checks all sides of all of the blocks to
determine which edge of which block the coordinates x and y fall

upon.

Subroutine LOADS

Subroutine LOADS allows all block weights to be multiplied or

divided by an integer constant.

R . . N “I-Mv P |
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Subroutine MOVIT

The law of motion for displacement controlled blocks is

embodied in subroutine MOVIT

Subroutine TAPE

okt

E Subroutine TAPE contains the standard Linc tape utilities. It

3 also contains the coding for reading or writing save files in

Phase 3, and performs the overlay to return to Phase 1.
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APPENDIX B
USER MANUAL FOR DISTINCT ELEMENT PROGRAM

The information contained in this Appendix describes the
operation of the configuration of the Distinct Element program used
for this dissertation. The Appendix is arranged in such a way that
each of the three operating phases is described in sequence, with
comment interspersed as necessary. The comment following the third
phase of the program is extensive and contains much information
pertinent to the successful operation of the program.

During all three phases of operation the computer responds to
user commands whenever a teletype key is struck. There are a lot
of key commands to which the program will respond with appropriate
action. Lists of these keys follow. Rather than memorizing the
lists and attempting to implement them all at once, it is strongly
suggested that the potential user familiarize himself first with
those keys which are essential to the operation of the program. As
the user becomes confident in the use of these keys through the
running of simple examples, more keys can be added to his "working
vocabulary".

Essential Keys

Phase 1 - 1, 2, E, P-2, rubout
Phase 2 -~ E, S, R, P-3
Phase 3 - G, D, F’ C’ Z’ I (F)’ S

If a more detailed introduction to the use of the program is desired
see Cundall (1974).

il
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PHASE 1 - OPERATIVE KEYS, CURSOR DISPLAYED

1 -

rub-
out

Key "1" is always used to define the first end of a line
segment. Move the cross-hair cursor to the desired point and
strike the key. The computer responds by drawing a "+" at

the point indicated.

Key "2" is always used to define the second end of a line
segment. Move the cross-hair cursor to the desired point and
strike the key. The computer responds by drawing a "+" at

the indicated point and by drawing a line between the first
and second end points of the desired line segment. The
computer program was modified to recognize the fact that it

is often desirable to draw connected line segments. Therefore,
the program will respond to the "2" key following either a "1
key or a "2" key. In this case the program supplies the
coordinates of the first endpoint of the 1ine segment at the
proper time by using the last input of the second end of a
1ine segment.

Any individual line segment may be erased by placing the
cross-hair cursor at any position on the line segment and
typing the "E" key. A useful trick to make the drawing
clearer is to create a line segment at the edge of the
Tektronix screen and then erase it. When the remaining line
segments are redrawn, the "+'s" at the ends of line segments
are not redrawn.

A11 created 1ine segments may be erased by typing the "rubout"
key. HWhen the "E" key is used to erase a line segment, the

end points of that line are not removed from the point iist.




W(code)

R(code)

-~
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These points can often impede the creation of a drawing.

If a large number of line segments are to be erased, it

is preferable to use the "rubout" key.

To make a hard copy of the Tektronix display type key "H"

or strike the make copy button on the console.

To store the complete 1ist of line segments created in

Phase 1, type "W" followed by the desired code file number.

To store the line segments in the third file, for example

type "W" followed by "3".

To recover a 1ist of 1line segments created at an earlier

time, type "R" followed by the desired code file number.

For example, to recover the eighth file type "R" followed

by "8".

Note: The program uses the ASCII equivalent of the
character to calculate the position of the file on

the Linc tape. On a 6208 block tape the permitted

files, in order, are: 1-9, :, ;, <, =, >, ?, @, and
A - Q. The program also stores a "password" in the
file to prevent garbage from being read into the
program.
The program has a subroutine to allow the numerical input
of line segment end points. To implement this feature,
type key "N".
The Tektronix screen coordinates are from O to 1023 in the
x direction and from 0 to 780 in the y direction. OQften,

the problem to be analyzed can be in field coordinates
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which do not fall conveniently in this range. By typing

key "C", a scale factor may be input to the program which

is then used by the program to divide the input data in :
such a way that it will fall within the range of the
Tektronix screen coordinates. Incidentally, the program

treats both the scale factor and the input data as integer

numbers, so nothing is to be gained by typing in highly
accurate field coordinate data. The "C" key does not
affect either the cross-hair cursor input or the digitizer
input.

D - The program contains a subroutine to allow input of data by
means of a graphic tablet or digitizer. To implement this
feature type key "D".

DIGITIZING ROUTINE

The digitizing routine will accept input data from the graphic
tablet until the "E" key is typed. At this point the control
returns to the main program and the cross-hair cursor is displayed.

NUMERIC INPUT ROUTINE

Upon entrance to the numeric input routine, the computer
responds by typing "X1=?" and waiting for input data. After the
data input following "Y2=?7" several keys are operative.

CR - striking the carriage return key causes the computer to
respond "X1=2" etc.
/ - striking the "/" key causes the program to use the last

endpoint as the first endpoint of a new line segment. The

computer response is thus "X2=?" etc.
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L - striking the "L" key causes the computer to redraw all lines.
This key is frequently used as every input data pair will
leave "X1=?" and "Y1=?" typed on the screen - it soon becomes
difficult to follow what is happening on the screen unless
"L" is frequently implemented.

E - striking key "E" while in the numeric input routine will
cause control to be returned to the main program and the
cursor is displayed.

Once the desired number of 1line segments has been created, the second

Overlay of the program may be implemented. To do this, strike key

"P" followed by key "2". Two comments are appropriate. First, it

is not possible to get to Phase 2 from either the numeric input

routine or the digitizer routine. The cross-hair cursor must be
displayed before control can be passed to Phase 2. Second, all
three input methods work together. Thus, it is possible to create
part of the assemblage of 1ine segments in the numeric input

routine and finish the creation in the cross-hair cursor input

routine.
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PHASE 1 SUMMARY

A)

B)

Cursor Displayed - Operative Keys

1 Use the cursor position as end no. 1 of a new line

2 Use the cursor position as end no. 2 of new Tine (display
the line)

E Erase the indicated line

H Make a hard copy of display

rubout - Erase all lines

W(code) Write the display onto tape in location code
R{(code) Read the display at lTocation code into memory
D Go to digitizing routine

N Go to numeric input

C Change N scale factor

P Then 2 go to P-2

Digitizing Routine

Accept line segments from digitizer

E Escape to cursor on

Humeric Input Routine

Responds X1=?, etc, after Y2=? several keys are operative:
CR Select a new point
/  Repeat point

L Redraw all Tines

E Escape to cursor on




PHASE 2 - OPERATIVE KEYS

E - A single block may be erased in Phase 2. To implement this
option, place the cross-hair cursor on the desired block
centroid and type key "E".

R - A1l erased blocks may be restored by typing key "R".

S - A single block may be examined by placing the cross-hair
cursor on the desired block centroid and typing key "S".
After the single block is displayed, the block may be erased
by typing key "E". Striking any other key returns without
erasing the block. This feature is most useful to determine
which centroid belongs to a given block.

A - Striking key "A" witl display all of the blocks.

H - A hard copy of thé display may be obtained by striking key
"H" or pressing the "make copy" switch on the Tektronix
console.

To return to Phase 1, strike key "P" followed by key "1".

To pass control to the third Overlay, Phase 3, type key "P" followed

by key "3".

Two comments are in order. First, it is more economical in terms of

computer work expended to erase unwanted blocks in Phase 2 than in

Phase 3. Second, if the computer determines that no blocks can be

created from the line segments passed by Phase 1, control is

automatically returned to Phase 1. This means that it is not
possible to get to Phase 3 without at least one block on the screen.

To access a Phase 3 save file it is necessary to create a single

block, and pass it from Phase 1 to Phase 2 and then onto Phase 3.

o
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At that point, the Phase 3 save file may be read.

PHASE 2 SUMMARY

= E Erase the block indicated
B A Display all blocks
S Display the single block indicated - E Erases the block, any
other key returns
without erasing block
I, Make a hard copy of the display

R  Restore all erased blocks

P then 1 go to Phase 1

P then 3 go to Phase 3

‘ -




PHASE 3 - OPERATIVE KEYS

Iteration Cycle Not Running

G
D

To begin or continue the iteration cycle type key "G"

As the Tektronix is a storage CRT all images drawn on the
screen remain on the screen until erased. To redisplay the
system of blocks type key "D".

To remove all inertia from the system type key "7" to set all
velocities to zero. This key is useful in the consolidation
phase of the program in conjunction with the "V" key as
described in a later section.

To make & hard copy of the blocks displayed on the screen

type key "H" or depress the "make copy" switch on the
Tektraonix consale.

To display the surface properly types which have been declared
in the cursor routine, type key "T". The program displays a
number from 1 to 9 at the midpoint of the edge of the block.
Those surfaces having surface type # (the default value) are
not indicated.

To store page zero (a variable list) and all block data, type
key "W". The program writes this data on Linc tapes for future
retrieval. This feature can be used to store the consolidated
block assemblage and identical problems can be run to study
the effect of certain parameters. Only one file can be
written or read by Phase 3, so no "code" is required.

To read a previously stored Phase 3 write file, type "R". The

program reads page zero and the block data, essentially

s, St il nlnuu--I-l-----I-lIn-iull--------n--nn-nil"
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defining a new problem. A problem may be written on tape and
returned to at a later time. As noted earlier, it is not
possible to gain access to Phase 3 without going through Phase
1 and Phase 2. The best method of access is to create a
single block in Phase 1 and pass it on to Phase 3. Upon

typing key "R", the stored problem will be recovered. It is

important to note that only the default friction value is é
stored in page zero. Friction properties for surface types

1 - 9 must be re-entered if the problem is changed. Note that
it is possible to use the Linc tape utility "KBEX" to go
directly to Phase 3, but this requires knowledge of severai
starting addresses.

The contact vectors of each block may be displayed by typing
key "V". The stability of a block can be assessed by
repeatedly typing key "V" and noting the variation of the
position and length of the contact vectors. Note, however,
that while the iteration cycle is not running, new contacts
are not being detected (subroutine UPDATE) and repeated typing
of key "V" may allow blocks to punch through edges. It is
recommended that no more than 10 "V" keys by typed without
typing key "G".

The weights of all blocks, all externally applied loads and
joint fluid pressures are displayed when key "L" is depressed.

To input joint fluid pressures, type key "J". The program

responds by displaying the cross-hair cursor and waiting.




Positiun the cross-haiv cursor on the desirved joint se oy
and type the desired value of pressure followed by o carii: o
return. The cursor is then re-displayed. Additional pressuoe
data may then be entered by the above procedure. Alterna-
tively, a carriage return exists from the routine. flioie

that if two line segments are adjacent the logic of tre

program will apply to fluid pressure to both surfaces.

(-

C - Typing key "C" displays the cross-hair cursor and allows wrtr

to several input routines described in a later section.

I - By typing key "I", four additional input routines may bLe
accessed by typing an additional key. These keys are:

F - If key "F" is typed following key "I", the routi.e to
define surface friction property types is accessed.
To define the friction coefficient corresponding to
each numbered surface type, place the horizontal
cursor on the same line as the desired surface type,
type the "." key followed by a 3 digit decimal value
of the friction coefficient, and end with a carriave
return. After all desired friction coefficients have
been defined, another carraige return will give control
back to the main routine. Note that the maximun
friction coefficient is 0.999 and that the value
actually used by the program differs by .00l due to a
validity check.

L - Typing key "L" following key "I" accesses the same

nunerical input routine described under key "“0" in the




X -

cursor routine.

0 - Typing key "0" following key "I" allows the user to
define several options including the options to print
values of applied loads and contact vectors, define
the vector length scale factor, and automatically make

copies and stop the program after a desired interval.

The kinetic energy damping routine should be used

i e

with extreme caution.

U - If key "U" is typed following key "I", a routine to

define user units is entered. At the present time

the only result of entering this routing is to cause

a set of divided axes, labeled in desired units to

be displayed on the screen.
By typing key "X" the iteration cycle counter is reset to zero.
This routine is useful to set the cycle counter to zero after
the consolidation phase so that the problem can begin at zero
time.
Typing key "Q" accesses several routines to vary some of the
dynamic parameters and block weights. Its primary function is
in program development and debugging.
Typing key "M" puts the cross-hair cursor on the screen and
enables the selection of the block to be used for the dis-
placement control mechanism. Place the cursor on the desired

block centroid and hit any key except “E". The program guides

the user through the specification of the displacement steps,




B-13

frequency and direction. Striking key "E" disables the
mechanism if it is already set.
P - Upon completion of the problem, control may be passed to

Phase 1 by typing key "P".

Iteration Cycle Running

S - To stop the iteration cycle and prepare for input, modification

etc. type key "S".

N - While the iteration cycle is running blocks that are moving
are being redrawn as they move. To prevent this type key “N“. !

The computer responds by blanking the Tektronix screen. This

RV VSO

action is required if the program is to be left unattended
as the Tektronix screen can be permanently damaged if an
image is displayed for a time longer than about 15 minutes
without being redrawn. This option also makes the program
run faster since the computer does not have to service the
Tektronix for plotting.

A - Plotting of the blocks as they move can be restored by typirng
key "A". However, this option does not redraw all of the
blocks, it only enables the drawing of blocks as they move.
This has the advantage of allowing the user to determine
zones of movement within a mass, for example. To redraw all
of the blocks, both moving and stable, type key "A" follnwued
by key "D".

Several of the keys which are operative when iteration cycle is

stopped are also operative when the iteration cycle is running.




These are:

D - display all blocks

H - make a hard copy

T - display surface types

V - display contact vectors

L - display load vectors

Iteration Cycle not Running, Cross-Hair Cursor Displayed

Fo-

U~

To force the program to hold a block fixed in space, place
the cross-hair cursor on the desired block centroid and type
key "F".

To release the status of a previously fixed blocl, place the
cross-hair cursor on the desired block centroid and type

key "U".

Blocks can be erased by placing the cross-hair cursor on the
desired block centroid and typing key "E". However, as
rmentioned earlier, it is more economical in terms of computer

effort to erase blocks while in Phase 2.

Typing key "0" writes the prompt message "Select Single Block".

Place the cross-hair cursor on the desired block, hit any key
and the program displays just the one block. Also displayed
on the screen are the block centroid coordinates and the
magnitude of the applied loads. Additionally, if switch zero
on the computer console is in the up position, pertinent

force and velocity data are displayed. Finally, an

opportunity is presented to numerically change the values of
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the applied loads. This routine exits the cursor routine
automatically.

1 - Applied loads may be input from the cursor routine by placing
the cursor on the desired block centroid and typing key "1".
The cross-hair cursor is then moved to a position defining
the magnitude and direction of the desired load vector and

, key “2" is typed.

#-9 - Surface property type flags are set in the cursor routine
by placing the cross-hair cursor on the desired block edge
and typing a key from "p" to "9". This flag alerts the program
to search the friction table for a specific friction value.
Any other key removes the cursor and transfers control back to
iteration cycle not running status.

There are two external "flags" available to the user to modify
the execution of the program. These are data switches on the
console of the computer. If switch 15 is in the up or on position,
the printing of the elapsed cycles and default friction coefficient
is inhibited. This is of use when it is desired to have copies
that are free of text. The other flag is controlled by switch @
on the console; it serves multiple purposes in guiding program
execution., If switch @ is in the up position, it is not possible
to return to Phase 1; this is done to prevent accidental loss of a
program. Switch @ "on" also causes velocity and acceleration data
to be printed when a single block is examined, as well as allowing

a message to be printed when the displacement control mechanism is

operative.
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PHASE 3 SUMMARY

Not Running

Go (start dynamics)
Redraw all blocks

Set all velocities to zero
Make hard copy

Display surface types
Write display on tape

Read display from tape
Display contact vectors
Display loads & pressures
Accept joint pressures
Display cursor

Input actiuation

F Friction U Units

L Loads 0 Options
Reset cycles

Debug routine

Access displacement control

Go to Phase 1

Running
S Stop running

N No plot option
A Activate plotting
Also: D, H, T, V, L

Cursor Displayed

F Fix block indicated
U Unfix indicated block
E Erase block indicated
0 Display block indicated
1 First end of applied
load vector (centroid)

followed by a 2

# to 9 Define surface
type (friction)

Other keys remove cursor

e o

Fagirarnau [




USEFUL  THFORMATION

The remainder of this Appendix is devoted to the presentation
of information that will be of use to potential users of the program.
Some of this information is intended to nmake it easier for an
untrained user to begin working with the program, some of it is
intendsd to 2ia Lo Dotess st e progran development and some
of it is simply odds and ends. "o apology is offered for the rather

rambling nature of the presentation.

Block creation

In the first overlay or main section of the program, line
segments are drawn on the Tektronix screen using the cross-hair
cursor, & numerical coordinate input routine or the graphic input
tablet. At this stage of the program we are only drawing line

segments. Thus it is not necessary to draw each block individually.

1 215 A 1 S 2
L 3le 7 5 [ 3
not required better way

The program detects intersections and overlaps and treats them as
such. Incidentally the program has a built in error factor of 5
screen units {out of 1022 x or 768 y). 1t is therefore impossible

to create a situation such as:




The program will merge

the points into

Always remember that line segments that do not define a closed area
will be rejected by the program Overlay 2 (see following paragraph).
In the second Overlay of the program, the computer scans all line
segments created in the first Overlay to determine which line
segments will form closed areas. For example, if the following

line segments were created in Phase 1, (or the first Overlay):

~J




Phase 2 (second Overlay) would return the following bic

~

It must be emphasized that closed areas must be drawn in [ .-
blocks are desired in the main part of the program. If a ¢ 2.0
line segment has been inadvertently omitted, there is nc vooo o
other than to return to Phase 1 and begin anew.

In Phase 1, use rubout rather than erase if possiblc o
program remembers all points created since the last rubout o
Thus, if you desired to create a line but had created and o

previous line, the program would, if it considered the act:

proper, divert the line to include the previous Tine's ¢ns
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line created earlier and Jater erascd

desired end points

This happens very easily, be aware of why it happens.

As the Tektronix 4010-1 is a storage oscilloscope and not a
television screen, all information drawn on the screen is stored
on the screen. Under no circumstances use the page key to clear
the display. This Teads to a minor state of confusion as to what
the program is doing. Especially serious is the situation that
occurs if you use the page key when the cross-hair cursor is
displayed. The effect of this is to place the screen in ALPHA
mode (ASCII input) while the governing software is still in GIN MODE
(graphic input). When this occurs, you no longer will be able to
communicate with the computer through the Tektronix, and the
computer will be hung-up in the graphic input loop. This isn't

really as serious as it looks. For some reason, striking the
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return key several times will bring the cursor back. However, this
is not fool proof - if you strike the return key quickly, it is
possible that the program will give the Tektronix the order to take
the cursor down before it actually gets it back on the screen. In
this case the computer is no longer confused, but quite often the
operator is. Enough said, the best solution is to not touch the

page key when using this program.

Linc tapes

The Linc tape system is a unique mixture of the operating
advantages of a disk system and the Tower cost of a magnetic tape
- format. The addresses of the storage blocks are written on the
tape and the software can search the tapes in either direction for
a specific block address and, once it is found, read, write or
B overwrite starting at that address. The present form of the Distinct
Element program relies heavily on the Linc tapes -and the following
paragraphs present information that could be of use to someone using
the program. ?
The system used for this study has two drives - unit 0 and
unit 1. Unit 0 is used by the program for the Phase 1 save files.
The save file handling routine, subroutine TAPE, does not check the
tape file directory before writing nor does it append a title to the
directory for the save file. It is thus a good idea to use a blank
tape on unit 0 and maintain a separate "directory" of the save
files. Unit 1 is used for a tape that has the three overlays and

the introduction to the program written on it. (Incidentally the
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e essed by placing a "blank" tape on unit 0, a "program"

it 1 and typing "HELP". The program takes it from there!)

P e it 1 is also used to store the Phase 3 save file. It §
int to note that the file directories do not "know" about
v oand save file and thus it is up to the user to protect
Tiotit e «nace from block 1505 onward.
inic tape furnished software used in this study did not
‘nphisticated operating system. The fact that not having
iosicated operating system led to additional memory (= larger
i wen offset by the fact that the overlays must be "done by
o tape utilities have the capability to move data from
“oaormory and vice versa.  The overlays of the pregram are
5 of memory written onto tape. For the present study
% addresses on the tape on unit 1 are:
__< file beginning number '
i block of
S number * blocks }
e T 3504 55,
b 7 4504 37,
L"!zazﬁ“ 3 5108 37s z
i s ocave file 1504 38020 %
i diyital plot 5554 ] :
; vr"'l‘.lllll].ﬁ?

the [ ine tapes used have 6720, blocks of 400, words




It is important to point out that tho Linc taepe routine rBEX,
which is used to write the cverlays onto tape, does not check the
o file directory. It is a very easy matter to destroy files on the

tape if KBEX is not used with extreme caution.

Execution times

The amount of real time required for execution of a single cycle

of the Phase 3 iteration loop is primarily a function of the number

of blocks comprising the model in question. The program execution a
times are also greatly influenced by any program options in use and g
the amount of "connect" time devoted to machine/user dialog. The §
option which consumes the most time is, of course, the plotting of %
the blocks as movement occurs. This is due to the fact that 3
communication across a teletype 1ine occurs under conditions of j
"programmed I1/0" - the CPU must wait between each transfer until the g

i

Tektronix is ready to accept more data.

The accompanying graph presents an approximate portrayal of the
real time required for the Nova 1220 to perform one complete cycle
of the iteration loop as a function of the number of blocks modeled
in the program. The graph indicates a range of time required for
calculation; the Tower end of the range is a fairly accurate
representation of the fastest possible calculation times for a given
number of blocks. This time can only be realized by running in the
"no plot" option. The upper end of the vange represents the time

required for one cycle of the iteration loop with the plotting option
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activated and most of the blocks in the program moving. This
probably represents an accurate upper 1imit to the calculation time
and the time required for most problems would be somewhat Tess than
that illustrated.

The time dedicated to user/machine dialog is not included in
the graph but can be a significant portion of the total time required
for program execution. This is especially so for users who are
unfamiliar with the program, but increased exposure to the program
usually leads to familiarity and an attendant drop in the amount

of time required for interaction.

Conversion factors

A11 calculations performed by the Distinct Element program
described in this Appendix utilize variables whose magnitudes and
dimensions have been adjusted to give optimum calculation speeds.
This has been done in order that double precision variables are
avoided and so that all arithmetic is done on integers (integer
arithmetic is many times faster than floating point arithmetic in
the absence of a floating point processor). In order that someone
who wishes to do so may convert to either metric or english units,
three conversion factors are presented in the following paragraphs.

The first conversion factor is a defined relationship between

physical problem length and that used in the computer program.
Consider the following physical situation: a block 100 ft on a

P side, 1 ft thick, with a unit weight of 160 pct.

A T & e b
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Cu

,,—ﬂff— d=160 pcf d=lcu

L
|

300 cu -~

Y

-— cu—=

~—— 100 ft— |

The computer model is drawn in such a way that the equivalent
edge lengths are 300 cu {computer units). The unit weight in

the computer model is 1 cu (this can be changed by typing "Q"
followed by key "W" - the following must be modified if the unit
weight is changed). By selecting 300 cu to represent 100 ft, the

first conversion factor fd is automatically defined.

To get feet or meters multiply the program distance by fd

In this particular example,
300 cu x—fd = 100 ft or
fd = 0.333 ft/cu

The second conversion factor is a derived relationship between
physical problem forces and those used internally in the computer

program returning to the example, the real weight of the block is

,J“ﬂ“uuuu-n-nnlnnm-uu-HllIlIIllllIllIlIlillllHIﬂl-il.-......-.--.-..--'--;-.-;-i"
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scoen to be:

100 ft = 100 ft % 1 ft % 160 pef = 1.6 x 10% 113
fhe weight of the block in computer units is given by the Distinct
Llement program - in this case it is seen to be 720 cu. The
roaber 720 represents a normalized weight obtained by determining
the volume of the block and dividing by 125. The number 125 is
volated to the tolerance to which points and lines are subjected
in Phase 1 and Phase 2. The smallest block allowed is defined
to be 5 times the area defined by the screen accuracy (5 x 5). T[he
seallest block area possible is then 125 units; when normalized
the smallest block weight allowable is thus 1 cu since the unit
wiight used in the program is 1 cu. The weight used in the cornuter

program for this example is thus

]90 ft X_Hf)O ft *A120 pcf _ W cu/unit depth
d d

1
125 %

Since W real/unit depth = 100 ft % 100 ft % 160 pcf

W real = 125 *-fg *d % Wcu

Thie conversion factor between real situation force and that used

internally by the computer is ﬁ

fy = 125 % 2 x d

| To get force in pounds or newtons multiply the

displayed force by ﬂ .

3
|
|
|
|



I this particular example
f =125 % 0.333 % 160 or

f = 2222.22 1b/cu

The third conversion factor relates pressure in physical

units such as psf or N/m2 to the units used internally in the

s g

computer program. [f the base pressure of the real block considered

in this example is calculated the quotient of the block weight

and the contact area are found.

e |

_ 100 ft x 100 ft x 1 ft % 160 pcf

P oW
real A 100 ft » 1 ft

TITHTHTTT

In the computer situation this reduces to

nf f 1f
]_Q‘f t 102 ft o 160d£c " 1f t
P (cu) = 'd d d |
100 ft 1 ft
R :
d d 1
or
P real = P cu x fp

where f = fd . d

To get pressure in psf or pascals, multiply the

displayed pressure by f

p
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In the example considered, if it were desired to input a joint water
pressure whose resultant would balance the weight of the block,

its magnitude would be found in the following manner

- real pressure P = 1.6 % 10° 1b/100 ftZ = 16000 psf

- fp = fqxd=10.333 x 160 - 53.3 psf/cu

- pressure in computer units = P real . 16000 _ 300 cu
fp 53.3

Equilibrium conditions

The problem of recognition of equilibrium conditions is of
paramount importance in the Distinct Element method, as in other
explicit finite difference programs. An explicit formulation does
not have a "solution” in the sense that an implicit formulation
such as a Finite Element analysis does. In the implicit formulation
the behavior of each point is related to the other points through a
system of equations that can be solved for a given input resulting
in a solution. 1In an explicit formulation, on the other hand, the
points communicate only with their nearest neighbors; the "solution"
in this case does not necessarily need to be a situation of stable
equilibrium. The only way that an equilibrium situation can be
recognized is by observing the behavior of the blecks.

The obvious solution to this problem is to observe the blocks
flashing on the screen - the movement of the blocks is obvious and
it can immediately be recognized if the problem under consideration

is unstable. However, the fact that the blocks are not flashing




un the screen does not necessarily indicate that an equilibriu:
situation has been reached. In the example considered in the
previous section, one screen unit of displacement correspondesn ir.
four inches of real displacement. In a large problem where th:
Lircle are somewhat confined, thousands of iteration cycles wi'i®
needed to get this much displacement; for a program involving 75
blocks the real time for this many calculations could take an
hour. This is obviously not a very satisfactory method to determine
if equilibrium exists.

The software necessary for more subtle solutions has been
incorporated within the present version of the program. At any
cime during the running of a problem, the program may be stopped
(tey “S") and any block examined for pertinent data. By displaying
the cursor (key "C") then typing key "0" will result in the messaye
"SELECT ANY BLOCK" being displayed on the screen. By placing the
cursor on the desired block centroid and striking any key a display
¢f biock data will be presented. This data includes: block centroid
coordinates (four places to right of decimal point displayed); the
unbalanced force sums acting on the block; the block velocities and
angle of rotation; and, the values of user applied loads. By
examining certain "key"blocks as the program runs it is a relatively

simple matter to determine if an equilibrium state has been reached.

st _conspliidation
“he block data passed onto Phase 3 from the first two overia -

contains information pertaining to individual blocks only. Th-

dsadis
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contact lists do not exist before the start of the program, so the
blocks do not know that they have neighbors. When gravity is
suddenly switched on, all of the blocks begin to move at once and

as block interactions occur, the contact lists are developed. The
way in which the block configuration is allowed to interact has a
significant effect on the outcome of the program in those instances
where a proper mass consolidation is not achieved. An improperly
consolidated system of blocks can lead to a diverging solution;

this can be recognized by the presence of wildly fluctuating contact
forces that bear no relation to the block weights involved.

The blocks should be allowed to consolidate in an initial
equilibrium position before the actual problem is run. This can
usually be accomplished by the judicious placement of restraining
blocks; these are subsequently removed to begin the actual problem.
To actually consolidate the mass a good deal of time must be spent
observing the behavior of the blocks and intervening to guide the
program. Just switching gravity on without regard to consolidation
of the blocks can easily lead to situations where pressure waves
travel through the mass and prevent the blocks from reaching an
equilibrium state.

Several bits of information are related in the following
sentences that should be helpful to potential users of the program.
First of all it is very helpful to start the probiem with all
frictional properties set to zero (the program automatically does
this unless the user changes the friction table). The first block

interactions often involve high contact forces; if the friction
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coefficients of the surfaces are other than zero, situations can
arise whereby relatively large forces are "locked-in” only to be
released when just the right contact occurs. By starting with a

zero value of the friction coefficient, shear resistances do not

3 T

develop along the joints and in conjunction with the velocity

zeroing technique described below, the restrainad system of blocks

E PR SN

comes to equilibrium. At this point, the restraining blocks can be
removed and the program allowed to run.

The technique of properly consolidating a system of blocks
involves zeroing the block velacities at the correct time; the
system of blocks cannot reach equilibrium unless all inertial
effects are removed. It is possible to gain insight into the status
of a block mass by examining the behavior of the contact vectors.
The key "V" is used to display the contact forces whenever it is
struck; this is accomplished by setting a plot flag, going once
through the iteration cycle and then taking the flag down. This
is especially useful if the program is in the stopped mode since
the "V" key can be used to step through the iteration cycle
incrementally. The variation in the length and angle of the
contact vectors is indicative of the relative stability of the
behavior. Well consolidated systems of blocks display little
variation in length or inclination of the contact vectors. To
achieve this state the user must examine the behavior of the
system and zero the block velocities (key "Z") when the system is

in an “"average" state. An "average" state is exactly what it sounds

like - the length of the contact vectors are approximately the
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average of the variation in length, and the inclination of the
contact vectors is approximately midway between the extreme
inclinations. This can rarely be achieved in one attempt, and the
amount of time required to do it successfully increases with the
degree of confinement of the problem (i.e., tunnel models are much
more difficult to consolidate than slope models).

A few words of caution are in order. Stepping through the
iteration cycle using key "V" neglects the very important subroutine
calls to UPDAT. Unless UPDAT is called, new contact points are not
detected nor are contact data updated. The result of this is that
blocks can move through one another. As a rule of thumb, no more
than about 25 consecutive cycles should be run by using the "V"
key without using the “G" key which does call UPDAT. Potential
users will find that applying loads incrementally rather than all

at once will result in well behaved models. The same is true for

friction coefficients; gradually increasing the friction coefficient

to the required value also results in well behaved models.

Special problems

Two specific problem geometries that can lead to obviously
improper solutiuns have been identified during the course of this
research. Both involve shortconings in the contact determining logic;
the problems are identical in nature but whereas one is easily
overcome, the other requires that some care be expended in block
consolidation to prevent its occurance. The problems will be

illustrated by reference to the specific geometries in which they
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were first identified.

The first\Bf the two problems occurred during the analysis of
a rock slope which had failed. (This incidentally, was a real
problem - the analysis was performed in collaboration with Dr.

Michael Bukovansky of the consulting firm of Dames & Moore.) The

geometry of the problem:

cross jointing

SECTION OF
MODEL

The area under consideration is shown highly magnified: four
separate blocks are identified. Geological investigation indicated
the presence of a fault plane that could lead to the development of
a "chiseling" action - the upper blocks could slide down and "pry"
the lower blocks. The initial analyses performed using the Distinct
Element program failed to reproduce the expected failure. Close
examination of the behavior indicated that instead of sliding past
block #3, the lower point of block #1 was contacting block #4 and

"hanging up"; the net result being that the entire assemblage of
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blocks stabilized. In the real situation, any such contact would
result in fracture development at the point - in the Distinct Element
program such cracking is presently not modeled. This problem was
solved simply by moving the position of the cross joint between

block #3 and block #4 to a slightly lower position on the sicpe as

illustrated below.

The second problem is of a similar nature; its occurance is
rare and is usually due to improper block consolidation. The
problem was identified in a model similar to that illustrated and

resulted in the stability of a model which should have failed.

XYY TN T




B-30

To illustrate the problem a magnified section of the model is

B}
2
,5
i
1
H

required; a contact between blocks #1 and -2, circled in the sketch,

is illustrated

—
LI L
nNo

overlap

The overlap of the two blocks results in a contact force F tending
to push the blocks apart. However, in an improperly consolidated
block mass, especially one with high horizontal forces applied
before the mass is allowed to move, the contact situation could Took

like this after the first jteration.

dF

2

‘\‘-overlap

L

Depending upon which "contact" is first discovered by the contact
seeking logic edge #1 of block #1 could be identified as the edge
in contact. The resultant force would thus act to prevent the
downward movement of block #2. This problem has not arisen in

models where proper consolidation steps have been taken. As
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insurance, however, all models tested where this problem could occur
have been allowed to fail as part of the analyses, to make certain f

that the problem was not occurring.

For those geometries to be tested where the occurance of this

problem is a possibility, special care can be taken during the
consolidation phase to prevent its occurance. Tnis often involves
% consolidation of segments of the model on an individual basis and

then pushing the individual segments together to form the model.
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APPENDIX C
LISTING OF THE DISTINCT ELEMENT PROGRAM

This Appendix contains Tistings of all of the subroutines
necessary to build the three overlays of the Distinct Element
program used in this dissertation. Most of the Phase 1 and Phase 2
routines are written in Fortran; a few are written in Data
General Nova assembly language. A1l of the Phase 3 subroutines
are written in Nova assembly language.

At first glance, the assembly language subroutines may
appear to be of little value to those unfamiliar with Data
General computers; this is, however, not the case. Assembly
language programming differs very Tittle from the techniques
used in programable calculators and in fact rarely involves
anything more sophisticated than moving data between memory and
accumulators, performing arithmetic functions, and occasionally
Jjumping to a subroutine. The listings presented are interspersed
with numerous comments and the straightforward logic of the
program makes them very readable.

As an aid to potential users a list of the subroutines

loaded in each overlay is presented next.




E List of Phase 1 Subroutines Page lumber
MATIN C-4
LIMNEX C-10
| ERASE c-1
INSEC C-12
HARD Cc-14
y CROSS C-14
: TEK machine language subroutines; Fortran C-15
j TAPE interface recognized by calls to C-19
. CoPY .CYPL and .FRET. C-23
: OVERLAP C-24
; DIGIT c-27
3
F List of Phase 2 Subroutines _ Page Number
BUILD C-29
CENT C-33
CROSS C-14
HARD C-14
TAPE machine language subroutines; Fortran C-19
coPY interface recognized by calls to C-23
TEK .CYPL and .FRET. C-15
List of Phase 3 Subroutines Page Number
TRANS see note following C-40
TEK C-48
PONT C-51
HITS C-54
TAPE C-59
UTIL C-64
LOADS C-75
FORD C-79
UPDAT C-94
REBOX C-104
MOTIO C-108
DISPL €-113
CONTR C-120
CYCLE C-138
INPUT C-149
MOVIT C-166
Note

is desired.

The order in which the subroutines are loaded is immateri

C-2

al

unless the digital plotting routine (subroutine PLOT, Cundall, 1974)
In this case, the plotting routine is read from the

o et Gt
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tape, in absolute binary, whenever it is needed. The routine
starts at location 440s; and thus overwrites the first subroutine in
memory. If the loading sequrnce places TPANS at the start of
menory, the overwriting will not disrupt the program,

Preceeding the listing of the Phase 3 subroutines is a list

of the Phase 3 global symbols. These are primarily entry point

addresses and frequently used variables. The 1isting begins on

Page C-37.
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791 C---MAIN PROGRAM (OVERLAY NUMBER ONE)=====-- }
|

202 COMMON 11(768),12¢768),LIST(32),
203 *  LISTCC128),IX(512),1Y(512)
204 COMMON/HANDY /N, L» 1ACC
20S 75  N=0
206 L=0
297 1ACC=5
1) IFACT=1 ;
229 1 MJIX=JX2 :
10 MJIY=JY2 |
o211 LCODE=0 :
212 KODE=@
213 CALL CURSCI,JX1,JY1) C
012 CALL CHAROC(C159)
215 1F(N.EG.0 «OR. I.NE.178) GO TO 80 !
016 LCODE=1 ;
M7 JX2=Jx%1 !
e Jy2=JY1 4
219 JX1=MJx
220 JY1=MJY
; 021 GO TO 103
. 022 80 IFC1.NE-196) GO TO 40@ 3'D" FORK DIGITIZER
@23 KODE=1
824 GO 10 100
- 025 400 1FC1.EQ.195) GO TO 218 ;'C" TO CHANGE FACTOR
: 926 IFC1.NE+206) GO TO 104 3N FOR NUM. INPUT
827 KODE=~1
@28 GO 10 291
229 104 1F(1.EQ.20@) GO TO 72 3'"H" FOR HARD COFY
*30 IF(1.EQ.197) GOTO 73 3VE" FOR ERASE
3 831 IFC1.EC.2@8) GOTO 76 3P FOR “FHASE..."
.~ 032 IFC(1.EC.255)GOTO 74 3 RUBOUT ALL LINES
* 933 IF(1.E0.215) GO TO 81 3w FOR WKITE
A3a IFC(I.NE.210D) GO T0 &7 3MUST BE "/ 10 READ
835 CALL CHARICD)
836 NFIRST=CI-177)%12 3GET FILE CODE
9317 CALL CHAROC155)
. 03g CALL CFARDC14®)
4 239 83 CALL TAPECI,NFIRST,11,11sMNERR)
: 049 IF(NERR.EC.@) GO TO 82
a1 PAUSE TAPE ERFOKR--=-HIT ANY KEY TO REPEAT
pa2 GO TO0 €3
} - @43 B2  N=LISTCD)
] Baa L=L1ST(2)
] L)) IFCLIST(3Y.NE.13286) GO TO 15
046 DO Ba LX=1,L
047 IA=T1 (LX)
a8 IB=12¢LX)
049 CALL PLOTS(@,IXCIAY,IYCIA))
25@ 84 CALL PLOTSC1,IXCIBY,IYCIB))
51 CALL CKAROC159)
252 GO TC 1
053 &1 CALL CHARICI)
054 NFIRST=(1-177)%12

755 LISTC1)=N




}

! 256
i 257
#58
@59
260
061
062
963
064
@65
a66
@57
@68
769
a7
o71
@72
a73
@74
a7s
276
Q77
778
079
280
as1
#R2
P83
P84
085S
ageé6
287
o8e
e89
290
091
092
”93
#94
295
@96
897
098
?99
100
101
192
193
104
105
106
107
108
199
1o

86

87

109

291

103

12

13

202

1609

14

t-5

LIST(2)=L

LIST¢(3)=13286%

CALL TAPEC(2,NFIRST,11,11-NERR)

IF(NERR.EQ.Q) GO TO 1

PAUSE TAPE ERROR-=--wRITE FROTECT OMN ? HIT A KEY
GO TO 86

IFCI.NES177) GOTO 1
IF(KODE.EQ.0) GO TO 183
CalLL DIGITCJUX1,JY),1CODE)
IFCICODE.NELDDY GO TO )

GO T0 1@3

ACCEPT" A1=",J0X1s" YI=
JX1=JX1/1FACT
JY1=JY171FACT

IFINJ.EG.D) GU TO a

DO 2 N\=1LN
IFCIABSOIXOINNY-JX1).CT.1ACC) GOTO 2
IFCIARSCIYINNI-OY 1) .GT.IACCY GOTO 2
IFIRST=NN

GOTO 3

CONTINLE

GOTO a

JX1=IXCIFIRST)

JY1=1YCIFIRST)

IF(LCODE .EQ. 1) GO TO 108

CoLL CHAROC(135)

IF(KODEY202,14,109

IF(L.EQ.Q)Y GOTO 2

CoLL LINEXCIXU,JY1,IXR,IYRANKITLL)
IF(NHITWEQ.1) GO TO 8
IFIRST=N+}

GOT0 13

JY1=1YR

JX1=1XR

IFFRET=N*]

L=L+)

T1C(LY=IFIRST
12(LHY=12CLL)
I2¢(LLY=1FIRST

CALL CHAROCI3S)
IXCIFIRSTY=IXY
IYCIFIRSTY=JY!

CaLl CROSSGJX1,JY1)
N=IF1IRST

IF(L.CODE .£E0. 1) GO TO
IF (KODE) 202,144,109
ACCEPT' X2=",JXx2," Y2=*,JY2
Jx2=JX2/1FaCT

JY2=JY2/Z1IFACT

GO TO 108

CaLl DIGITC(JX2,JY2,ICODE)

GO TO 108

Call CURSC(I»JIX2,JY2)
cCaLL CHAROC1IS9)
IFC(I.NE-178) GOTO 14

31" FOR FIRST END OF LINE

adYl

108

IGET POINT 2




111t
112
113
114
115
116
17
118
119
120
121

122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

142
143
124
145
146
147
148
149
150
151

152
153
154
155
156
157
158
159
169
161

162
163

165

teR

15

16

17

18

25

26

27

28

60
49

29

30

C-6

IFCIARS(IX2-0X1Y.GT.1ACC) GOIO 15
IFCIABS(JY2-JY1).GT.1ACCY GOTO 15
IF(KODEY202,14,109

IF(NJGLE.1) GOTO 25

DO 16 NN=1,N

IF(NNCEQ.IFIRST)Y GOTO 16

IFCTABS CIX(MNI-JX2) «GT.IACC)Y GOTO 16
IFCIABSCIY(NNY-JY2) «GT.IACC) GOTO 16
1SEC=NN

GOT10 17

CONTINUE

GOTO tg

JXx2=1XC(I1SEC)

JY2=1Y(1SEC)

CALL CHaRO(135)

GOTO 28

IF(L.EQ.B) GOTO 25

CALL LINEX(JX2,JY2,1XS,1YS,NKIT,LL)
IFCNKIT.EQ.1) GO TO 26

ISEC=N+1

GOTO 27

Jxe=1xs

JY2=1YS$S

ISEC=N+1

L=L+}

It (LY=1ISEC

12¢(LY=12(LL)Y

I2(LLY=ISEC

CALL CHARO(135)

IXCISEC)=JX2

IYCISEC)Y=JY2

CALL CROSS(JX2,J3Y2)

N=15EC

JXD=JX2~JX1

JYD=JY2~JY1

IFCIABSCJYD) -GT.IABSCJXD)) GOIO 60
I1SWY=0

IFCJIX2.GTJX1) GOTOQ 29

GOTO 49

ISwWY=1

IFCJY2.GT.JY1) GOTO 29

JXL=JXx2

JXR=JX1

JYL=Jy2

JYR=JY1

IPL=]ISEC

IPR=IFIRST

GOTO 30

JAL=J%1

JXR=JX2

JYL=JY1

JYR=JY2

IPL=IFIRST

IPR=1ISEC

IFCISWYEQ.0)GOTO 61




c-7

166 H=FLOAT (JXR-JXL) /FLOATC(JYR=-JYL)
167 NXTOT=0
168 DO 62 NY=1,N
169 IFCIYINY) cGT«JYR.ORSIYINY)LT.JYLIGO TO 62
179 IF(NY.EQ.IPL.OR.NY.EQ.IPR)Y GOTO 62
171 IXX=1FIX(H*FLOATC(IY(NY)-JYL) )+ JXL
172 IFCIABSCIXX-IXINY))GT«1ACCY GOTO 62
173 NXTOT=NXTOT+1
174 LISTOINXTOT)=NY
175 62 CONTINUE
176 GOTO 63
177 61 H=FLOATCJYR-JYLI/FLOAT CJXR=JXL)
178 NXTOT=2
179 DO 31 NX=1,N
182 IFCIXINX) GTeJXReORGIX(NX) LT« JXL)Y GOTO 31
181 IFI(NXEQ.IPL.OR.NX.EQ.1PRY GOTQ 31
182 IYY=SIFIXCHeFLOATCIX(NX)-JXLYY+JYL
. 183 IFCIABSCIYY-1Y(NX))GT.1ACCY GOTO 3%
3 184 NXTOT=NXTOT+1
E 185 LIST(NXTOT)I=NX
i 186 31 CONTINUE
" 187 63 KOUNT=0
188 C
189 IF(NXTOT-1)50,53,33
190 33 IND=0
191 C~~0ORDER POINT LIST IN INCREASING X (OR Y)~-
192 DO 32 NXX=2,NXTOT
193 NX1=LISTINXX=-1)
194 NX2=LISTINXX)
195 IFCISWY.EQel) GOTO 47
196 IFCIXINX2) «.GE.IX(NX1)>) GOTO 32
197 GOTO 48
198 47 IFCIYI(NX2).GE.IY(NX1)) GOTO 32
199 48 LISTI(NXX=-1)=NX2
200e LISTINXX)=NX1
201 IND=1
202 32 CONTINUE
203 IFCIND.EG.1)> GOTO 33
204 S3 IL=1IPL
205 IR=LIST(1)
206 GOTO 51
297 50 1L=1IPL
208 IR=1PR
209 S1 KOUNT=KOUNT+}
210 NINT=0
211 LoLD=L
212 DO 35 LK=1,LOLD
213 C~--BEGIN LINE SEARCH FOR THIS SEGMENT-~
214 IFt=I1C(LK)
215 IF2=I2¢(LK)
216 IFCIF1EQ«IL-AND.IF2.EQ.IRY GOTO 34
217 IFCIF1.EQIR.AND.IF2.EQ.IL) GOTO 34
218 IFCIF1eEQeILORVIFIZEQeIRsORIF2.EQIL.OR,IF2.5Q.IR)GOTO 35
219 CALL OVLAPCIXCILIHIXCIRISIXCIF1)»IXCIF2),IXS,IX62NS1)
2290 IF(NS1.EQ.8) GOTO 35




e g

221 CALL OVLAPCIY(ILILIYCIRILIYCIF1)LIY(IF2),1Y5,1Y6,N52)
ez22 IF(NS2.EQ.9) GOTO 35

223 CALL INSECCIXCIL)LIXCIRILIYCILILIYCIR)LIX(IFII,IXCIF2),
224 * IYCIF 1) »IYCIF2) 5 IXS»IX6, Y0, 1Y6,INXsINYSNSD)
225 IF(NS3.EQ.9) GOTO 35

226 C--A CROSSING HAS BEEN FOUND--

227 N=N+1

228 IX(NY=INX

229 IY(N)=INY

239 C-~CREATE NEW LINE--

231 L=L+1

232 12¢LKY=N

233 I1<¢LI=N

234 12¢Li=1F2

235 C--TOTAL CROSSING POINTS INCREMENTED--
236 NINT=NINT+Y

237 LISTC(NINTI=N

238 35 CONTINUE

239 IF(NINT=-1) 41,38,37

249 37 NIT=0

241 DO 36 NN=2,NINT

242 L1=LISTC(NN~1)

243 L2=LISTC(NN)

244 IFCISWY.EQ+1) GOTO 46

245 IFCIX(L2)Y«GE-.1XCLY)) GOTO 36

2456 GOTO 45

247 46 IFCIYCL2).CE-IY(LL)) GOTO 36

248 45 LISTC(NN-13=L2

249 LISTC(NN)=L1

259 NIT=1

251 36 CONTINUE

252 IF(NIT.EQ.1) GOTO 37

253 38 ILEFT=IL

254 NUT=1

255 39 L=L+1

256 TICLY=ILEFT

257 12CLY=LISTC(NUT) 1
258 CALL PLOTSCP»IXCILEFT)Y,IYCILEFT))
259 CALL PLOTSC1,IXC12CL)),1YCI2¢LI M)
260 CALL CROSSCIXCI2CLII»IY(I2CL)))
261 ILEFT=LISTC(NUT)

262 IF(NUT.GE.NINT) GOTQ 49

263 NUT=NUT+1

264 GOTO 39

265 C--LAST LINE FOR THIS SEGMENT

266 10 L=L+)

267 T1CLY=ILEFT

268 12C(LY=1IR

269 CALL PLOTSCO,»IXCILEFT),IY(ILEFT))
270 CALL PLOTSC1,IXCIRYLIYC(IR))

o271 GOTO 34

272 C-~-NDO CROSSINGS ON THIS SEGMENT (JUST ONE LINE TO CREATE)--
273 41 L=L+]

274 IicLy=1t

275 12¢L)Y=IR




276
277

279
280
281

282
283
284
285
286
287
288
289

291
292
293
294
295
296
297
298

300
301

302
393
334
38s
306
307
308
399
319
311

312
313
314
315
316
317
318
319
320
321

323
324

34
56

52

54
283

g2

3@1

205
72
73

T4

76

219

C-9

CALL PLOTS(@,IXCILY,IYCILY)
CALL PLOTS(1L>IXCIR),IYCIR))
IF(KQUNT«NXTOT) 56,52,54
IL=LIST(XOUNT)

IR=LIST (XOUNT+1?

GOTO St

1L=LIST(KOUNT)

IR=1PR

GOTO 5!

IF(KODE>»203,1,100

CALL CHARO (159)

CALL CHARI(MCQDE)

IF(MCODE.EQ.197) GO TO 1 $7E TO ESCAPE NUM. INPUT
IF (MCODE.EQ.141) GO TO 2¢1! 3 CR” FOR NEW X1,Y1
IF(MCODE+NE. 294) GO TO 39! 3°L** TO REDRAW LINES

CALL CHARO(155)

CALL CHARO(149)

DO 302 NL=1,L 3REPLOT ARRAY OF LINES
TAA=T L ONLD

18B=12(NL)

CALL PLOTS(8,IX(I1AA)>IY(1AA))
CALL PLOTS(1,IX(IBB)»1Y(IBB))
CALL CHARO(C159)

GO TO 2@3

IF(MCODE.NE+175) GO TO 2@5 3/ T0 REPEAT POINT
JX1=JX2

JYl1=Jgy2

GO TO te3

TYPE" ?%

GO TO 283

CALL HARD

GO TO 1

CALL ERASE(JX1,JY1)

GOTO 1

CALL CHAROC155)>

CALL CHARO(140)

GO TO 75

CALL CHARICIND

IFCINSNE«178) GOTO 1

CALL CHAROC155)

CaLL CHARO(142)

LISTC(3)=N

LIST(2>=L

LIST(3)=1ACC

CALL OVLAY(2,11)

GO TO 1

ACCEPT ' NEW SCALE FACTOR ? * , 1FACT
GO T0O 1

END 3 THANK GOODNESS!!!




cot
en2
223

227

11

10

*

SUBROUTINE LINEXCIXH,IYF,IXRsIYRSNHIT,LINE)
C--ROUTINE TO DETECT IF LINE IS NEAR POINT--

COMMON 11(768),12(768),LIST(32),
LISTCC128),1X(512),1Y¢512)
COMMON/HANDY/NsL, IACC

DO S LL=1,L

IPI=11(LL)

IP2=12(LL)

IX1=1XCIP1)

IYI=1IYCIPY)

IX2=1X(1P2)

1Y2=1Y(IP2)

1YD=1Y2-1Y}

IXD=1X2-1X1
IFCIABS(IYD)+GT.IABSCIXD)) GOTO 6
IF(IX2.GT.1X1) GOTO 7
IFCIXHLT«IX2.0R.IXHeGT.IX1)> GOTO S

H=FLOATC(IYD)/FLOAT(IXD)
IYG=IFIX(H*FLOATCIXH=-IX1)+0.5)+1Y1
IFCIABSCIYG-1YH).GTWIACC) GOTO 5
IYR=1IYG

IXR=1XH

GOTO 8

IFCIXHeLT«IX1«O0ReIXH.GT.1X2) GOTO S

GOTO 9

IFCIY2.6GT.1Y1) GOTO 10
IFCIYH.LT.IY2.0R.IYH.GT+1IY1) GOTO S

H=FLOATC(IXD)/FLOATCIYD)

1XG=IF IXCHXFLOAT CIYH-1Y1)+2.5)+Ix%1
IFCIABSCIXG-1XH)«GT.IACC) GOTO S
IXR=1XG

IYR=IYH

G0TO 8

IFCIYH.LT.IY1.0R+1YH.GT.1Y2) GOTO S

GOTO 11

CONTINUE

NHIT=0

RETURN

NHIT=1

LINE=LL

RETURN

END

B R




[

291
292

SUBROUTINE ERASECIXH,IYH)

C--TO ERASE ONE LINE & RE-DRAW SYSTEM~=
COMMON T1(768),12¢768),L1ST(32),

LISTCC128),1X(512),1Y(512)
COMMON/HANDY /N, Ls TACC

CALL LIMNEXCIXH,IYH,IXRsIYR,NHIT,LINE)

IF(NHIT.EQ.9) RETURN

C--ERASE SCREEN-=-

CALL CHARO(159)
CALL CHAROC14®)

C--CUT OUT LL; SHUFFLE DOWN REST--

LL=LINE

IFCLL.EQ.L) GOTO 2

Li=L-1

DO 1 LK=LL,L}
ITCLKY=T1CLK+1)
I2(LK)=12C¢LK+1)

L=L-1

DO 3 LX=1.,L

IA=I1(LX)

IB=12(LX)

CALL PLOTSCR,IXCIAY,IYCIA))
CALL PLOTSC1,IXCIBY,IYCIB)Y)
CALL CHAROC1S9)

RETURN

END




001
0a2
@03
004
285
026
207
028
@99
o118
o11
a2
213
214
ets
216
er?
018
219
@29
221
222
023
224
225
226
e27
28
029
039
031
@32
Q33
234
235
236
237
838
239
240
241
242
043
244
245
246
047
248

059
251
@52
@53
054
055

10

14

17

16

15

19

SUBROUTINE INSECC(IX1,IX2,1Y1,1Y2,1IX3,1X4,1Y3,1Y4,
* IX55,I1X6,1YS,1Y6,1X,1Y,NSUC)
IDI=IX2-1IX1

ID2=IY2-1Y1

ID3=1X4=1X3

ID4=1Y4-1Y3

IFCID1.EQ.0) GO TO 1

iIF(ID2.EQ.0) GO TO 2
IF(IABS(CID2)+EQ.IABS(CID1)Y) GO TO 3
IFCIABSCID1)+GT.1ABS(ID2)) GO TO 4
IFC(1ABS(ID3)>-GT+IABSCID4)) GO TO 14
H1=FLOAT(ID1)/FLOAT(ID2)
IX1L=1IFIX(HI*FLOATCIYS-IY1))+IX1
IXIR=IFIXCHI*FLOAT(IY6~1IY1))+1IX1
G2=FLOAT(ID3)/FLOAT(IDA4)
IX2L=IFIX¢G2#FLOAT(IY5-1Y3))+IX3
IX2R=IFIX(G2#FLOAT(1Y6-1Y3))+IX3
IXDL=1X2L~-1X1L

IXDR=IX2R-IXIR
IFCISIGNC1,IXDL)«EQ.ISIGNC1,IXDRY) GO TO 99
R=FLOAT(IABS(IXDL))/FLOAT(IABSCIXDR-1XDL))
IY=1YS+IFIX(R*FLOAT(IY6-1Y5))
IX=IFIX(HI*FLOATC(IY=-1Y1))+1IX1

NSUC=1

RETURN

Hi=FLOAT(ID1)/FLOAT(ID2)

1F(ID4.EQ.®) GO TO 15
G1=FLOAT(IDA)/FLOAT(ID3)

GH=G1*HK1

IY=C¢G1*FLOAT(IX1-1X3)~-GH*FLOATCIY1)+FLOATCIY3))>/(1.0-CH)

IX=IFIXCHI*FLOATC(IY-1Y1))+IX]
IFCCIXeGTeIX6)«OR(IX.LT-1X5)) GO TO 99
IFCCIYeGTeIY6)eORGCIY.LTIYS)) GO TO 99
NSUC=1

RETURN

1Y=1Y3

GO TO 17

IFCID4-NE.®) GO TO 19

IX=1IX1

1Y=1Y3

NSUC=1

RETURN

IFCID3.NE.@) GO TO 4

IX=1X3

1Y=1Y1

NSUC=1

RETURN

IFC(1IABS(ID4Y.EQ«IABSCID3)> GO TO 99
IFCIABSCID3).GT«.IABSC(ID4)) GO T0 12
H2=FLOAT(ID2)/FLOAT(ID!)
1IFCID3.EG.8) GO TO 18
G2=FLOAT(ID3)/FLOAT(ID4)

GH=G2#*H2

IX=(G2*FLOAT(IY1=-1Y3)-GH*FLOATC(IX1)+FLOAT(IX3))/(1.0-GH)

IY=IFIXC(H2*FLOATC(IX-1X1))+1Y]

i
i
!
!
{
'

b




S

256
057
@58
059
060
P61
es2
263
064
865
Q66
@67
es8
869

271
072

g74
@75

18

99

GO TO 16

1X=1X3

GO TO 19

H2=FLOAT(ID2)/FLOAT(IDI1)
IYIL=IFIX(H2*FLOAT(IX5-IX1))+1IY1
IYIR=IFIXC(H2*FLOAT(IX6-1X1))+1Y1
G1=FLOAT(ID4) /FLOAT(ID3)
IY2L=IFIXCGI*FLOATC(IX5-IX3))+1Y3
IY2R=IFIXC(GI*FLOATC(IX6-1X3))+1Y3
IYDL=IY2L-IYIL

IYDR=IY2R-IYIR
IFCISIGNC1,IYDR)EQ.ISIGNC1,1YDLY) GO TO 99
R=FLOAT(IABS(IYDL))/FLOAT(IABS(IYDR-1YDL))
IX=1XS+IFIX(R*FLOAT(IX6-1X5))
IY=IFIX(H2*FLOATC(IX-IX1))+1IY1

NSUC=1

RETURN

NSUC=0

RETURN

END




2a1

083
PnAa
eas
12413
ea7
008
0a9
010
211
e12
013
214
e1s
016
017
018
219
220
021
@22
223
224

SUBROUTINE HARD
P2 C-~-ROUTINE TO MAKE A HARD COPY OF DISPLAY--

COMMON I11(768),12¢768),L1S5T(32),
LISTC(128),1X(512),1Y(512)
COMMON/HANDY /NsL,» IACC

CALL COPY (ISWIT)

@ > GO TO 5

3SWITCH OFF=4631

DO 1 K=1,L

IP1=11(K)

I1P2=12(K)
MX=4*IX(IP1)-2047
MY=4*1Y(IP1)~2047
CALL PLOT(MX,MY,3)
MX=4%IX(IP2)-2047
MY=4%1Y(IP2)-2047
CALL PLOT(MX,MY.2)
DO 2 J=1,N
MX=4%I1X¢J)-2017
MY=4%1Y(J)-2017
CALL INUMIMX.MYasds4)
CALL PLOT(-2047,-2¢47,3)

PLOT IS THE SUBRQUTINE DESCRIBED BY CUNDALL

NOTE:

eal
en2
A3
@24
295
006
207
708

FOR PLOTTING THE LINES OR BLOCKS ON AN X-Y R

SUBROUTINE CROSS(IX,1Y)
CaLL PLOTS(Q,IX+10,1Y)
CALL PLOTSC(t,IX~-10,1Y)
CALL PLOTS(A,IX,1Y+1®)
CALL PLOTS(1,IX,IY=-1Q)
CALL CHAROC159)

NIRPRVEV N
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B R

-, rr—

177611

177612

177613
00002000092
BAGa1 'CasQ028
29002050277
002B3'C27611
000204°044407
20885'004451
22206002013
PBR27°0C60177
00010'206001S
00011'000000
02012'¢000920
02213'960020
00314°02000600
@2815°'000002
80016°'006202%
PBO17'054775
00020°069277
00021°004426
09022°020013"
20923°224770
00824°034770
80025047611
08226060177
009270060015
90A30'0202004
23931 °006062S
00032°'266277
P024833'027611
02034°'044757
002835027612
00036044753
28937°'027613
0232408'044752
00041 °'004425
00042°'000013"
00043'0200011"°
09044'000012°
08845°060177
00046°'336001S
02047040416
20050°0636190
00051°000777
08052°'063510
090853'043400
7B354'020411
00055°001 401
00056° 040497
00057°' 063511
00060000777
20061 °023400
20062°061111
00063'0C20422
80064°'001 491

CHAROQ:

TWET:
TWOT:
TWIT:
Sv3:

CHARI:

PLOTS:

CHIN®

CHOUT:

«TITL

¢ ENT
«EXTD
«NREL
N==-167
N1=N+1
N2=N1+1

2

JSR
INTDS
LDA
STA
JSR
TWIT
INTEN
JSR

Nooaw

JER
STA
INTDS
JSR
TWIT
LDA
LDA
STa
INTEN
JSR

4

JSR
INTDS
LDA
STA

STa
LDA
STA
JSR
TWIT
THET
TwWOT
INTEN
JSR
STA
SKPDN
JMP
D1aAS
STA
LDA
JMp
STA
SKPB2
JMP
LDA
DOAS
LDA
JMP

TEK

CHARD, CHARI ,CURS,PLUTS
«FRET, .CPYL

e.CPYL

1,8N>3
1,TWIT
CHOUT

@.FRET

@.CPYL
3,5V3

CHIN

1,TWIT
3,5V3
1,eN»3

e.FRET
e.CPYL

1,eN,3
1L,TWIT
1,6N1,3
1,TWET
1,8N2,3
1,TWOT
TPLOT

@.FRET
9,CCACO
TTI1
=1
2,TTI
0,00,3
@»CCACO
1,3
@>CCACO
TTOQ
o=1
9,00,3
@,TTO
@>CCACS
1,3

3SAVE ACO
3SKP IF CHAR READY

3READ CHAR

3STORE CHAR
SRESTORE ACO
3RETURN

3SAVE ACO

3SKIP IF NOT BUSY

3GET CHARACTER
3SHIP CHARACTER
3RESTORE ACQ




8206510000220
00066040526
Q0@as67 02340}
80070 D20526
g0271'022402
Q0RA72'P4AD525
POP73'0234920
80074040524
B0@75'254529
PRR76°101315
QAA77'A004085
88100101113
001011009405
03102° 006511
pe103'0002032"
60134'0Q65A7
90105'000201 *
02106220511
@a187101112
03112°102400
00111°034477
80112°162513
00113161000
00114343503
881151011280
ool16t101120
2981171081128
©0128°101300
00121°034463
20122°163292
80123'0404756
PP124°'A06467
eg125'a00221"
P0126°'020471
@2127°034453
V0138163400
93131°834455
BOL32°163000
P0133°040466
20134°'206457
99135000221
Q1360204603
21377101112
00140°182404
00141034450
93142162513
00143161020
PA144°040452
©2145'101120
PR1456° 101128
901477101120
001573191300
PO151°'334433
P0152'163200
©0153°040446
02154'006437
00155'29p221"°
@2156'020449
0A157°334423
0a160'163400

ccaceo:
TPLOT:

TPTDV:

TPTNRM:

TPTTMP
LbAa
MOVL#
sus
Lba
SUBL#
MOV
STA
MOVEL
MOVZL
MOVEL
MOVS
Loa
ADD
STA
JSR
TPTTMP
LDA
LDA
AND

3TEMF FOR ACO
2:TPTACO: SAVE ACO
0,e1,3 3GET X

0. TPTX

3,02,3 3GET Y
2,TPTY

3,80,3 3GET MODE
@, TPMQD

3,TPTADD; SAVE CALL ADDRESS

@,82SNR 3 SKP IF NEGQ @

TPTDV 3= @ INITIALIZE AND DARK VECTOR
@+B2,SNC 3SKIP IF < @

TPTNRM  3NORMAL BRIGHT VECTOR

@CHOUZ 3 SET TO ALPHA

eCHOUZ 3 DARK VECTOR

8>TPTY S3GET Y

P20sS2C 3SKP IF +

Q.9 IMAKE @

3:D780 ZUPPER Y BOUND
3,05SNC 3 SKP IF ON SCREEN

3,4 $SET TO EDGE
B»TPTY 3SAVE GOOD Y

8s9 sUSE UPPER S BITS
3,9

8,9

[/ Y% JAND SWAP HALVES
358049 3H1 ¥ TAG

3.0 $PUT IN CHAR

s TPTTMPIUSE A TEMP
@CHOUZ FSHIP HI Y 5

@,TPTY 3SGET Y
3,8B037 3sMASK

3.0 SLEAVE LOW Y 5
3,8148 3LOW Y TAG

3,0 3SET IN CHAR
@, TPTTMP

8CHOUZ 5 SHIP LOW Y

@:TPTX 3GET X VALUE
Us9,52C

¢»9

3,D1023

3,0 SNC

3,09

G>TPTX

0,0 3AND DD LIKE Y
Q.8

0.0

0,0 3HI X S
3,B04@ 3HI X TaG
3,0 3ADD IN TAG
PrTPTTMP

@CHOUZ 3 SHIP HI X 5

@,TPTX 3GET X
3,8@37 3GOODIE MASK
3,0 JLEAVE LOW X 5

e it " e




00161°034424
03162'163009
00163042436
00164°' 006427
0a165'000221°
00166'020432
93167°101113
80170°'000404
90171°1024020
001727040426
9R173°'000713
00174'020420
00175°034420
09176°001403
00177°'000032
20200°'000033
00281002435
002082°200037
8902@3° 000020
000292"*
00204°' 0008040
pe2os5*oo01e9
002a36°000140
00207'000003
00210'0014t 4
00211°'001777
00212000047
00213°000056"
00214°00600020
90215'000000
00216'8903009
00217030000
0022@° 000000
92221'000009
00222°'@408772
20223°'0854772
20224°0086767
80225°¢00202°
60226° 006765
80227°'000239°
80230066763
00231°000177"*
00232°'006760
00233'000216"
00234°'3@28753
20235048764
80236°'0120760
00237000421
00242226752
00241°00a216"°
29242'006750
09243°'000217"*
©00244°'034736
00245'020752
80246163400
00247040750
20250°'020746
09251163400
00252101300
00253101220

TPTEXT:

SUBGQ:
ESC:
GS:

usS:
BO20:
B@37=US
BOA4O:
Bl1og@:
B140:
D@3
D780:
D1823:
CHINP:
CHOUZ:
TPTACO:
TPTADD:
TPTX:
TPTY:
TPMOD:
TPTTMP:
CURSIS:

CURLP:

LDA
ADD
STA
JSR
TPTTMP
LDA
MOVL #
JMP
susB
STA
JMP
LbA
LDA
JMP
032
233
835
037
029

049
120
140
023
1414
1777
CHIN

CHOUT

JSR
TPTX
JSR
TPTY
LDA
LDA
AND
STA
LDA
AND
MOVS
MOVZER

3,B100 3LOW X TAG
3,0 3PUT IN TAG
2, TPTTMP

@CHOUZ

8, TPMOD

@,0,SNC

TPTEXT

8,0

2,TPMOD

TPTNRM
P,TPTACO3RESTORE ACD
3,TPTADD; CALL ADDRESS
3,3 JEXIT

0,TPTACO3 SAVE ACO
3,TPTADD; SAVE CALL ADDRESS
€CHOUZ 3 SET TO ALPHA

€CHOUZ 3 TURN ON CURSER
8CHOUE
€CHINP 3 GET CHAR

P,DOO3 3GET LOOP COUNTER
@, TPTTMP

8,TPTX SCGET CHAR

CURPS 3STORE CHAR
@CHINP 3GET HI COORD

©CHINP 3 GET LOW COORD

3,B037 3MASK

@,TPTY 3LOW COORD

3,8 3MASK OFF GARBAGE
0,TPTY 3SAVE FOR LATER
@,TPTX J3HI COORD

3,0 JMASK OFF
0,0 3 SWAP
2,0

g




ae¢254'10122¢
00255°101220a
00256034741
282571623000
09260'034735
20261043407
8G262°175400
80263354732
80264°'014735
80265088753
00266220726
00267'2C1 400
80272'200004
00271'006002%
PB272'060277
: 80273° 08544156
. @9274°'a04726
80275'000312"
20276°380313"
80277°'000314"
90300°' 0334411
80321824411
00392'047611
00393°924410
P03N4a'BaT612
2 00305°'824407
N P0306°'0475613
20307060177
90310' 006001 S
90311°'000900
©02312°000000
@@313'30000a0
00314°000900

BN

TR RO o <

CURPS:

CURS:

S5X3:
Al:
A2s
Ad:

MOVER
MOV ER
LDA
ADD
LDA
STA
INC
STA
DSZ
JMP
LDA
JMP

4

JSR
INTDS
STA
JSR
Al

A2

A3
LDA
LDA
STa
LDA
STa
LDA
STa
INTEN

2,0

A

3>TPTY 3LOW COORD

3,0 3ADD IN LOW COORD

3»TPTADD3CALL ADDRESS
6,80,3 JISTORE VALUE

3,3 }ADJUST ADDRESS
3,TPTADD: SAVE UPDATED ADD
TPTTMP 3 CHECK FOR DONE
CURLP 3LOCOP IF NOT
B,TPTACO3 RESTORE ACE

0,3 3 RETURN

e.CPYL

3,5X3
CURSIS

3,5X3
1,A1
1,8Ns3
1,A2
1,6N1,3
1,A3
1,8N2,3

€.FRET

hia




177611
00089°e02900
geonlrazeone2
22a22°'000aN3
0902a3°C300900°
20024°00@0322"
000a5°300083

0206006001 S
e0RR7°'060277
29010°020476
00011062074
00012054473
80013023511
02214°040764
0P015°03561C
09016°038765
00317°'020765
00020142400
00021°101400
20022°116400
20023°100420
20024°'0625003
00025'0345409
20226° 1014085
00027°'000484
00032°151400
©69831°'1754900
8@332° 000772
8on33'156430
20034°'0308403
9P035'157000
2987336201 490
92037°'800040
63040'020740
69341°126520
09042°'122415
08043° 000407
00044°'024735
00045122415
00046°000407
02347°020434
00050°024434
00951°003406
00052'920425
08953°'024425
2PAS54°0004083
872055°020424
009056024424
00057°152400
29069°034415
29261 '954452
00062°004411
00263125005

«TITL  TAPE C-19
CENT TAPE, QvLAY
¢EXTD  «CPYL.<FRET

+NREL

N==-167
NUB: Q
TWO: 2
THREE: 3
FIRST: NUB
LAST: c8

3

3 THIS ROUTINE READS THE APPROPRIATE OVERLAY
3FROM TAPEe. IT STARTS BY FIRST TRANSFERING
31ITSELF TO A SAYE PLACE IN HIGH CORE.

OVLAY: JSR e.CPYL
INTDS
LDA 9,DRIVE
poB G,LINC
STA 3,SAVE
LDA 0,eN,3
STA 0,NUB 3OVERLAY NUMBER
LDA 3>N+153 3ADDR OF LOWEST ARRAY
LDA 2,F1IRST
LDA 3,LAST
sus 2,0 3=NUMBER OF WORDS TO BE MOVED
INC 2,0
suB 3,3 $ADDR TO MOVE TAPE ROUTINE TO
NEG 2,0
ROUND: LDA 1,052
STA 1,053
INC 35,0+ SNR
JMP ouT
INC 2,2
INC 3,3
JMP ROUND
QuUT: sSuB 2,3 3=DISTANCE MOVED
LDA 2,SHIFT
ADD 2,3
JMP Q3,3 3 GO TO HI-CORE COPY
SHIFT: «+1
LDA 9,NUB
SUBZL 1,1
SuB# 1,@5SNR
JMP At JOVERLAY 1
LDA 1,TWO
su# 150,SNR
JMP A2 BFOVERLAY 2
LDA 2,BLK3 3SOVERLAY 3
LDA 1 ,NBLKJ
JMP CAT
Al: LDA 9s,BLKI1
LDA 1,NBLK1
JMP CAT
A2 LDA @,BLK2
LDA 1,NBLK2
CAT: sus 2,2
LDA 3,5UBST
STA 3>RETRN
JSR NIXOM
MOV 1,1,SNR




C-20
P0064'000377 JMP 377 3FORTRAN START ADDRESS
ROB65°D63077 HALT 3LINC ERROR
00066°'020420 LDA B»DRIVE 3TRY AGAIN (PRESS CONTINUE)
00067062274 131432 B,LINC
00870°'0083752 JMP SHIFT+1
90271°'0D6@177 NOGO: INTEN
@e272°A0609C28 JSR 8.FRET
OP@73'054412 NIXON: STA 3,SAVE
PBOT74'000445 JMP RLINC
PBB7S'002752 SUBST: JMP @SAVE-RETRN, 1 3SUBSTITUTE CONTENTS FOR B
00076'0092098 ORIG: Q

©0077°080350 BLKI1: 359
80100'000255 NBLK1: 5SS
3 Q2101°00a345@8 BLK2: 450
4 02102°009@37 NBLK2: 37
3 090183°000510 BLKJ3: 5t@
B2184°0000837 NBLK3: 37
P0105'0003008 SAVE: a
00106°000001 DRIVE: 1
90107000006 6
JTHIS ROUTINE ENABLES A FORTRAN PROGRAM
3TO WRITE BLOCKS OF CORE ONTO TAPE.
3

00110°'0060831S TAPE: JSR 8.CPYL
00111°960277 INTDS
00112°102400 SuB 2,0
08113°062074 DOB B,LINC
02114°054771 STA 3:SAVE
00115°023612 LDA B,enN+1,3
00116°027613 LDA 1.eN+2,3
20117°'@31614 LDA 2,N+3,3
P9N120°'037611 LDA 3,eN»3
90121°'175005 MOV 3,3,5NR
02122°0022415% JMP CLINC
Pe123°17s112 MOVL # 3,3,5%¢C
80124°000494 JMP NEGA
9B8125°175234 DOG: MOVZR# 3,3,52ZR
00126°000415 JMp WLINC 3MUST BE 2
00127900412 JMP RLINC 3MUST BE 1
00130174439 NEGA: NEG 3,3
001311150000 cOoM 2,2
20132°0090773 JMP DOG
90133'034752 RETRN: LDA 3,SAVE
00134'047615 STA 1,8N+4,3
90135'060177 INTEN
00136°0060228 JSR @.FRET

SNOW FOR A SLIGHTLY MODIFIED VERSION OF THE !
3STANDARD LINC TAPE UTILITIESeese :

90137°152400 CLINC: SuB 2,2
P01490°006415 JMP CHKZ
PO141°034426 RLINC: LDA 3,D2R
00142°003414 JMP READZ
00143°034422 WLINC: LDA 3,D1W
f0144'054507 STA 3,D1XX
80145°'°344500 STA 1,D2XX
00146°'02508416 STA 2,SAC2
00147°'004422 JSR DO
09150°'024475 RAW:? LDA 1,D2XX
801511224090 SuUB 1,0

00152030412 LDA 2,SAC2

i it e



09153151113
008154°'150000
00155'834472
00156'054467
98157034407
00163°054473
08161°0Na410
091621060274
00163'00a750
001564°'000020
89165'021000
02166°'000759
@2167°132512
00170°002C92
P2171°054777
BO172'375474
Pa173°175112
00174°000446
99175°151113
00176000410
201771592000
00209176439
08201°162@00
00202'060374
00203024467
3 202e4° 101401
en205°'208776
00206060174
PO2R7'004463
20210290777
00211'175224
002129300766
00213'125005
0@214°002754
89215°'166000
PB216°04C474
Q0217°0B4a4474
80220°024476
20221147000
pR222°008431
00223°Q63674
88224000777
00225'06347 4
00226°002416
00227°'060474
00230°'11640S
00231°000n434
00232'024465
20233°'92007403
P0234°034462
00235°'024463
PN236°020454
09237299723
B0240° 029461
20241 '3003721
00242°024460
0A243°'Aa0717
BN244°'060474
P0245°132512
00246°'041090

CHKZ:
READZ:

EXIT:

5AC2:
DilwWw:
DIRC:
D2R:
RETU:
DO:

FINDR:

FINDN:

FINDF¢

FOUND®

READ:

RCHK:

El:

E2:

E3:

RDAT:
D2XxXx:

MOVL #
COM
LDA
STA
LDA
STA
JSR
NIOC
JMP

LDA
JMP
sSusL#

STa
DIB
MOVL#
JMP
MOvVL#
JMP
coM
sSus
ADC
NIQP
JSR
INC
JMP
NIOS
JSR
JMP
MOVER
JMP
MOV
JMP
ADC
STA
STa
LDA
ADD
JMP
SKPDN
JMP
SKPBN
JMP
DIA
sus
JMp
LDA
JMP
DA
LDA
LDA
JMP
LDA
JMP
LDA
Jmp
DIA
susL#
STA

25,2,SNC
2,2
3,D2C
3,D2xX
3,DLIRC
3.D1XX
[8]0]

LINC
RETRN

c-21

0,0,2
READ-DIXXs1
1,2,32C

3,RETU
3.LINC
3,3,52C
E4

2525 SNC
FINDF
2,2

3,3

3,9
LINC
GETBL
@sDsSKP
=2
LINC
GETBL
=1
3235S&R
FINDR
1,155NR
eRETU
3,1

2, TEMP1
1, TEMP2
1,SIZE
2,1
DIXX
LINC
=1
LINC
RDAT
B>LINC
B, 3,5NR
SCHK
1,C1t
o+3
3,SIZE
1,C2
8,TEMPI]
EXIT
1,C4
EXIT
1,C8
EXIT
C,LINC
1,2,SEC
0,0,2




2a247 ' anpap2
ea250'081074
€0251'117000
02252151400
eers3' 021009
B0252' 363074
B2255'263574
€8256'890777
Q@257'063474
20280'00C770
¢3261°0375074
20262°375474
00263'175034
80264°'008756
Q0265° 132414
00266000746
00267020423
00270°'D24423
00271'000713
00272°'054420
002273'93442)
00274162432
80275° 000405
80276334417
00277°162932
22300°'000740@
@0381°074474
@e3022'0a3474
©0303'0e0777
00304'063774
02305'2060774
B8306'07447 4
00367116543
00310°'010402
82311'002491
@a3t2'gagade
€9313'000a00
20314177770
92315'000620
20316'000400
04317°000001
2a32¢°'0ee0g2
003213008004
90322'000310

bac:
WDAT:
BLOOP

Di1XX:

WCHK:

SCHK:

NEXT:

GETBL

WAIT:

TEMPY
TEMP2
MLIM:
PLIM:
SIZE:

c2:
Cas
c8:

.

LTI

JMP
DOoA
ADD
INC
LbA
DocC
SKPDN
JMP
SKPBN
JIMP
DOA
Din
MOV
JMpP
SUB#
JMP
LoAa
LDA
JMp
STA
LDA
SUBZ#
JMP
LDA
ADCE#
JMP
DIA
SKPBN
JMP
SKPDZ
JMP
DIA
SuUBOL
152
JMP

177779
629
400

10
~FND

42
B,LINC
0,3

2,2
a,0,2
@,LINC
LINC
o=}
LINC
WDAT
3.LINC
3>LINC
3,3,S82R
Eq
1,2,S2R
E2
B,TEMP]
1, TEMP2
FINDN
J,TEMPI1
3aMLINM
3,0,82C
WAIT
3,5PLIM
3,0,S2C
E3
3>LINC
LINC
WAIT
LINC
WAIT~1
35LINC
B, 3+ SNC
TEMP1
eTEMP]

C-22




177611

00090 9p0n0a2
PRLN1°CA6QB1S COPY:
02002°'054422
80003°'060477
QQea4'101122
20205°'000414
20026022417
BRRO7°M63511
: 02010008777
F oeA11 061111

Q0012°'02041 4
‘ 90213°063511
3 00914'9000777
PROV1S5*Bs11L)
PPB16°102440
03017043611
A0020°803403
000221102529
00222°'043611
200230060023 BACK:

3

PLTR:

- 00024°'000000 ACSV:
000@25'0Q0a833 ESC:
POB26° 000027 ETB:

® 3

«TITL
«ENT
<EXRTD
«NREL
N==-167
2

JSR
STa
READS
MOVZL
JMP
LDA
SKPBE
Jup
poasS
LDA
SKPBZ
JMP
D0AS
SuUBO
STA
JMP
SUBZL
STA
JSR

e
27«
23.

«END

COPY
COPY
.CYPL’ -FRET

C-23

e.CYPL

3,ACSV

(%} 3CHECK FOR SWITCH @
0:,0,5S2C 30FF=4621 ON=PLOTTER
PLTR
2,ESC
TTO
o=1
8,TT0
@,ETB
TTO
o=1
8,TTO
9,0
gs,eN,3
BACK
2,0
@s8N»3
@.FRET

3PUT A ZERO S0 HARD SKIPS

3PUT A ONE TO PLOT




1771611
177612
177613
177614
177615
177516
177617
000020000300
20001833000
onna2°'000029
¢Ccga3tocoala
002n4'0060013
20205°'054773
00006°023611
00007027612
20312°033613
02911°037614
gaer2'122512
¥2013°'0080455
NBG14°172512
00015'000426
Poe16°162513
gea17°'132512
00028°'800533
gae21*'112512
200223002411
gea23'136512
2on24°'000404
00025°'054754
Q0026043754
0eQ27°Q00514
00030°'044751
900310408751
0909320008511
0@033'136512
2A034°'000404
90035054744
PBA36°050744
09A337°'000504
00048°044741
0341050741
2042°' 008591
8e043°142513
00044°'136512
fAYAA5'000506
AnRA46'116512
£u047'000411
@0asar 132512
20051°000404
0ees2'050727
aaas3*' 0anT27
neN54°'000467
JA255°044724
1ONS56' 040724
PrAS7°' 000464
adn608° 132512

SAVE:
XS
Xé6:

OVLAP:

Fas

F3:

FS5:

F7:

Fé6:

«TITL
oENT

«EXTD
+NREL

N=-167
Ni=N+1
N2=N+2
N3=N+3
Na=N+ 4
NS=N+5
N6=N+6

1@
JSR
STA
LDA
LDA
LDA
LDA
suBL#
JMP
SUBL#
JMP
SuBL#
SuBL#
JMP
SuBL#
JMP
SUBL#
JMP
STA
STA
JMP
STA
STA
Jmup
suBL#
JMP
STA
5TA
JMP
STA
STA
JMP
suBL#
SUBL#
JMP
suBL#
JMP
suBL#
JMP
STA
STA
JMP
STA
STA
JMP
SUBL#

OVLAP
ovLAP
«CPYL,»+FRET

e.CPYL
3, SAVE
B,8N53
1,eN1,3
2,8N2,3
3,8N3,3
1,0,S2C
Fl
3,2,S%2C
Fa

350, SNC
1,2,S8EC
NOGO
D22552C
F3
1,3,S2C
Fa

J3»X5

B, X6

K

1,X5

P X6

OK
1»3,S%C
FS

3,X5
22X6

OK

1,XS
2,X6

OK

25,05, SNC
1,3,52C
NOCO
023,S2C

1,2,82C

C-24




00061°000404 JMP F8

20062'050717 STA 2,XS C-25
202063054717 STA 3,X6
0064083457 JMP oK
“ @O265'044714 FB: STA 1s5X5
PP066°054714 STA 3.X%6
PO267'AA3454 JMP oK
PeP7B*172512 Fi: SUBL#  3,2,SEC
00071000426 JMP F9
8ea72'166513 SUBL#  3,1,SNC
20073112512 SUBL#  ©,2,SZC
00074°000457 JMP NOGO
920875°132512 suBL# 1,2,S€C
90076000411 JMP Fio
008777116512 SUBL®?  B,3,SZC
82100°'029404 JMP F11
001011054700 STA 3,X5
P0102°044700 STA 1,X6
20103'000440 JMP 0K
00104°04R675 Flit: STA PsXS
98105'044675 STA 12X%6
00106' 908435 JMP 0K
8O107'116512 Fi0: SUBL#  0,3,SZC
00113°0038404 JMP Fi2
00111°054670 STA 3sX5
P0112°050670 STA 2,X%6
00113°000430 JMP OK
00114'040665 F12: STA 05 X5 k
. P8115°'050665 STA 2,X6 -
j 80116°20B425 JMP 0K ;
1 PP117'146513 F9: SUBL#  2,1,SNC L
. 00120'116512 SUBL#  8,3,SEC
@0121°900432 JMP NOGO ;
00122°136512 SUBL# 1,3,52C 4
@0123'220411 JMP F13 ‘
20124112512 sSuBL# 0,2,5%C 1
h 00125°'000404 JMP Fla4 3
00126°050653 STA 2,XS i
001271044653 STA 1,X6 B
00130°000413 JMP oK
00131°040650 Fl4: STA @sX%5 ‘
20132°044650 STA 1,X6 !
0r133'000419 JMP 0K ‘
20134'112512 F13: SUBL#  0,2,S%C
90135°'000424 JMP F15s ;
P0136'050643 STA 2,X5
00137°'854643 STA 3;X6
20140°000403 JMP OK
@0141'040642 F15: STA 8,XS
80142°'054640 STa 3,X6
@06143°020636 OK: LDA 2sX5
00144024636 LDA 1s%6
00145'034633 LDA 3,SAVE
08146'043615 STA 0,eN4,3
00147'047616 STA 1,eN5,3
27150102520 SUBEL 8,0
P0151°043617 STA Ds8N6,53
00152'006n02S JSR @.FRET
PP153'034625 NOGO: LDA 3sSAVE
0A154' 1092460 suBcC 0,0




©P155'043617 STA
Q0156 Q262028 JSR
+END

2,8N6,3
e.FRET

(RN RY P TR TN

y



177611

eaanal
80200002450
82001 000004
@0002' 006391 S
008R3'A6E277
00004°'820774
30065062241
22006900457
90087 A63710
08319° 0008466
20011°020476
80012061041
PP013°063641
20014000777
23150602441
0O016° 024466
20017106513
00020000767
00021 ' 020464
POB22' 061041
00023'0863641
£0024° 200777
00025062441
@#0026°04361 1
280027020457
@0%32°'361041
B0OB31° 063641
20232000777
280033° 060441
9N034°043612
00035° 102400
90936°43613
00837020422
P2A48° 024422
00041°063634
00042'003777
90043'066034
00044°'0610234
00245327416
0@A46° 040416
PGBAT' 360007
00858° 660020
80051014413
BPO52° 00775
8@853'102400
BOR54° 024426
80055°' 366034
P0056'0610834

DIGI

LOOP

DELA

«TITL DIGIT -
<ENT DIGIT C-27
«EXTD «CPYL,s sFRET

o e . e . . e e

FORTRAN INTERFACED DIGITIZER ROUTINE
AS CREATED 3Y PAC --
MODIFIED MAR. 88,1976 TO ACCOMODATE ANALOG

«NREL
67
=41 3NO LONGER DEVICE a2
: 249@
a
Te: JSR e.CPYL
INTDS
LDA @,M0DE
poB 8,DVCE
JMP BACK
H SKPD2 TTI
JMP HIT
LDA B5CH3 3NO LONGER CHANNEL O
DOA @>DVCE
SKPDN DVCE
JMP o=1
DIA 9,DVCE
LDA 1,C1000
SUBL# 2,15SNC
JMP LOoOP
L DA 2, CH1
DOA @,DVCE 3GET X
SKPDN DVCE
JMP =1
DIA @>,DVCE
STA ds€N»3
LDA @,CH2
DOA 9,DVCE
SKPDN DVCE
JMP o1
DIA @,DVCE
STA ds8N+1,3
sus 2,0
STa B,8N+2,3 3 ZERO FOR ICODE
LDA Q,MAX
L.DA 1,CHLMP ;ROUTINE TO FLASH LAMP
SKPDN 34 ;WHEN ACKNOWLEDGING DATA
JMP o -1 3 INTO BLOCKS PROGRAM
D08 1,34
DOA a,34
LDA 0,DEL
STa B,COUNT
Y NIO 5]
NI1O Q
DS2 COUNT
JMP DELAY
suB 8,0
LDA 1,CHLMP
DoB 1,34
DOA 9,34
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T

00057060177
02060°0860a25
Q0061003777
0vR62°'0p0A2
00063'0500200
QB064'A2200Q

8A265° 820422
00066°R61041
B0B67°'063641
0B076°000777
80071060441
82072°'024412
03373'106512
00074'0200771
02975002712
00076° 0824412
PRO77°'060510
80108'123400
008101°'0435613
00102°260177
001939060023
2a134°301000
00105'000020
00106'000040
80107000969
00110°'000177

C-28

INTEN
JSR 8.FRET
MAX: 3777 JMAX VOLTAGE IS 5 VOLTS
CHLMP: 2 3} LAMP CHANNEL IS #2
DEL: 50800 JAPPROX. 8415 SEC DELAY (LAMP ON)
COUNT: @

JHANG ON UNTIL BUTTON VOLTAGE
31S LESS THAN 2.5 VOLTS

BACK: LDA 9@sCH3 3NO LONGER CHANNEL @
DOA @sDVCE
SKPDN DVCE
JMP «~1
DIA 9.,DVCE
LDA 1»Cl1o00
SuUBL# d,1,S2C
JMP BACK
JMP LOCP

HIT: LDA 1,MASK
DIAS Q,TTI
AND 1,0
STA @s8N+2,3
INTEN
JSR @+FRET

C100a: 1009

CH1: 20

CH2: 49

CH3: 60

MASK: 177
«END

SO




001 C---~-~-- SECOND OVERLAY==s-=-==
002 C--ROUTINE TO BUILD BLOCKS FROM LINES

P93 COMMON KEY(256),1BLOC(15348),10UMC608),11(T768),
€24 * 12¢768),LIST(32),LISTC(128),1X(512),1Y(512)
€25 COMMON/HANDY/N,L»1ACC

296 C

P27 C N=NUMBER OF POINTS

228 C L=NUMBER OF LINES

.009 C

210 N=LIST(1)

el L=LIST(2)

e IACC=LIST(3)

a13 IFC(L.LE.2) GOTO 18

214 PI=4.0*ATAN(1.0)

215 P12=2.,0%P1

016 PI@5=0+5%P1

017 P1180=P1/360.

218 LBIT=1003080K

019 MASK=7T7777K

029 K=1

e21 NBLOC=0

P22 C--SET FLAGS ON ALL LINES--

223 DO 1 LL=1,L

224 ItCLLY)=T1(LL) .OR.LBIT

@25 1 I2¢(LLY=12(LL)Y .OR.LBIT

026 C~--FIND IF ANY FLAGS STILL LEFT--
027 2 DO 3 LL=1,L

28 IFCI1C(LLY sAND.LBITY GOTO 4
229 IFCI2¢LL)Y «AND.LBIT) GOTO 5
@30 3 CONTINUE

231 IF(NBLOC.GT.B) GOTO 17

032 18 CALL OVLAY(1,KEY)

933 PAUSE

234 GOTO 18

@3S 17 KEY(NBLOC+1)=K 3ALL FLAGS MUST BE DOWN.
236 CALL CHAROC135) 3FIND CENTROIDS ETC.
a37 CALL CENT(C(NBLOC)Y

038 4 T1C¢LLY=11CLL)+ANDWsMASK

039 IEND1=11(LL)

049 IEND2=12CLL)Y .ANDMASK

041 GO TO 6

pa2 5 I2¢LL)=12(LL) «ANDMASK

043 IENDI=I2(CLL)

044 IEND2=T1(LL) 3JC(FLAG MUST ALREADY BE DOWN)
845 6 ISTART=1END1}

846 IPNT=1

047 LISTCC1)=LL

g4g GAMSUM=0.9

049 IXD=IXCIEND2)~-IXCIENDI)
950 1IYD=IY(C(IEND2)~1Y(IENDI)
es1 IFCIXD.NE.D) GOTO 8

@s2 IFCIYD.LT«®) GOTO 7

053 ALFOLD=P1/2.0

254 GOTO 9

@855 7 ALFOLD=1.5%PI
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256 GOTO 9
857 8 ALFOLD=ATAN(ABSC(FLOATC(IYD)Y/FLOATCIXD)))
258 IFCIXD.LT.0) GOTO 10
259 IFCIYD.GT.0) GOTO 9
060 ALFOLD=Pl12-ALFOLD
061 GOTO 9
062 10 IFCIYD.GT.0) GOTO 11
063 ALFOLD=ALFOLD+PI
P64 GOTO 9
955 11 ALFOLD=PI-ALFOLD
0%6 C--FIND MOST CLOCKWISE LINE FROM LL=--
P67 9 LMAX=0
268 GAMAX=PI
059 DO 12 LIN=1,L
070 IFC(LINSEQ.LL) GOTO 12
o1 IFCITCLIN) cAND.LBIT) GOTO 13
ere 16 IFCI2CLIN) sAND.LBIT) GOTO 14
073 GOTO 12
274 13 IFCCITCLIN) dAND«MASK) «NE-IEND2) GOTO 16
@75 IE1=1END2
076 IE2=12C(LIN)Y AND.MASK
- 877 GOTO 15
078 14 IFCCI2CLIN) .ANDMASK) «NE.IEND2) GOTO 12
. 79 IE1=1END2
8@ IE2=11CLIN)Y .ANDMASK
81 15 IXD=1XCIE2)=-IXCIELD)
282 IYD=1YCIE2)-1YCIED)D
083 IFCIXD.NE.@) GOTO 20
284 IFCIYD.LT+@) GOTO 19
085S ALF=P1/2.0
1 986 GOTO 22
e 087 19 ALF=1.5%P1
088 GOTO 22
289 20  ALF=ATANCABS(FLOATCIYD)/FLOATCIXD)>))
950 IFCIXD.LT.8) GOTO 21
091 IFCIYD.GT+9) GOTO 22
092 ALF=PI2-ALF
293 GOTO 22
094 21 IFCIYD.GT«@) GOTO 23
295 ALF=ALF+PI
096 GOTO 22
K 897 23  ALF=PI-ALF
298 22  GAM=ALF-ALFOLD
299 IFC(GAM.GE.PI) GAM=GAM-P12
. 100 IFC(GAM.LT.-PI)GAM=GAM+PI2
3 101 1IFCGAM.GE .GAMAX) GOTO 12
1 102 GAMAX=GAM 3MOST CLOCKWISE ANGLE YETssoe
103 LMAX=LIN 3<«WITH ITS CORRESPONDING LINE.
104 ALFMAX=ALF
105 1ED1=1E1
106 1ED2=1E2
107 12 CONTINUE
108 IFC(LMAX.EQ.B) GOTO 28 3DEAD END !
109 C-~-KNOCK DOWN FLAG FOR THAT LINE--
110 IFCCI1CLMAX) .AND.MASK)+EQ+1ED2) GOTO 24
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111 I1(LMAX)=TEDI

112 GOTO 25

113 24 I12(LMAX)=1ED1

114 25 GAMSUM=GAMSUM+GAMAX 35UM OF ALL BLOCK ANGLES
11s IPNT=IPNT+1 JPOINTER TO TEMP. LIST OF LINES
116 LISTCCIPNT)=LMAX

117 IFCIED2.EG.ISTART)Y GOTO 26

118 LL=LMAX 3JNEW LINE BECOMES OLD LINE

119 ALFOLD=ALFMAX

120 1END2=1ED2

121 GOTO 9

122 26 IF(GAMSUM.GT+0.8)GOTO 2

123 NBLOC=NBLOC+1

124 KEY(NBLOC)=K

125 C~~-THE NEXT SECTION MERGES ADJACENT LINES IF
; 126 C--THEY HAVE NEARLY EQUAL SLOPES», AND WRITES
127 C--THE RESULTING LIST OF POINTS ONTO 1BLOCC )

128 LINE=LISTC(1)
129 IFCISTART.EG.11(LINEY) GOTO 31
130 IP1=11CLINE) +AND.MASK
131 GOTO 32
N 132 31 IP1=I2(LINE)«AND.MASK
133 32 IX1=IXCIP1)
; 134 1IYI=IYCIPD)
- 135 IX0=IXCISTART)
‘ 136 I1YP=1YCISTART)
137 IXD=1X1-1X0
138 1YD=1Y1-1Y@
139 IFCIXD.EG.®) GOTO 43
140 ALF1=ATAN2(FLOATC(IYD)Y»FLOATCIXD))
A 141 GOTO 44
F 142 43  ALF1=SIGN(PIOGS,FLOATCIY1))
3 143 44  ALF1R=ALF1
144 DO 50 IK=2,1PNT
145 IFCIK.EQ.IPNT) GATO 51
146 LINE=LISTCCIK)
147 IFCIP1.EQ.T1C(LINEY) GOTO a1
3 148 IP2=11(LINE).AND+MASK
: 149 GOTO 42
150 at 1P2=12C(LINE) s AND «MASK
151 42 IX2=IXC1P2)
y 152 1Y2=1Y(IP2) ,
E 153 a7 1XD=1X2-1X1 1
2 154 1YD=1Y2-1Y1
155 IFCIXD.EQ.0) GOTO 45 :
156 ALF2=ATAN2(FLOATCIYD)»FLOAT(IXD)) i
157 GOTO 46
158 45  ALF2=SIGN(PIOS,FLOAT(IY2)) :
159 46 IFCABSCALF2-ALF1).LT.P118@) GOTO 53 ;
160 IBLOC(K)=1P1 :
161 K=K+1
162 1P1=1P2
163 ALF1=ALF2 !
164 IX1=1X2 i
165 - tY1=1Y2




166
167
168
169
170
171

172
173
174
175
176
177
178
179
180
181

182
183
184
185
186
187
188
189
190
191

192
193
194
195
196
197
198
199
200
201
202
203
204

51

53
50
C--LAST

A8
C--WEED

52

49

C--DEAL
28

GOTO S0

IX2=1X(ISTART)

1Y2=1YCISTART)

GOTO 47

IPI=1IP2

CONTINUE

LINE TO DO NOW=~-
IF(ABSC(ALF1R~-ALF1).LT.P11803> GOTO 48
IBLOC(KI=ISTART

K=K+1

IF(K-KEY(NBLOC).GT.2) GOTO 52

OUT THIN BLOCKS--

K=KEY(NBLOC)

NBLOC=NBLOC-1

GOTO 2

K1=KEY(NBLOC)

K2=K=1

CALL PLOTS(@,IXC(IBLOC(K2)),1Y(IBLOC(K2)))
DO 49 KB=Kl,K2

CALL PLOTS(1,IXC(IBLOCCKB)),»IYCIBLOC(KB)))
GOTO 2

WITH DEAD END=--

I1CLLY=I1(LL) «AND.MASK

12CLL)=T12(LL) «AND+MASK

IFCIPNT.LE«1) GOTO 2

IPNM=IPNT-1

1TO=1START

C~--RESTORE FLAGS TO PRECEEDING LINES-~

a3

30

DO 30 IL=1.,1PNM
LINE=LISTCCIL)
IFCITO.EG.T1C(LINE))Y GOTO 33
ITO=I1(LINE) sAND.MASK
I2CLINE)=I2CLINE) +OR.LBIT
GOTO 30

ITO=I2C(LINE) .ANDMASK
ITCLINEY=T1CLINE) «OR.LBIT
CONTINUE

GOTO0 2

END

C-32
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201 SUBROUTINE CENT (NBLOC)
232 C--TO FIND THE AREAS AND CENTRO1DS OF ALL BLOCKS
203 COMMON KEY(256),IBLOCC1S36),LENGC1536),» 1AREA(256),
P04 * 1CX¢256),ICY(256),IX(512),1Y(512)
oas COMMON /HANDY /N, L, IACC
026 AMIN=IACC*1ACC*S
207 DO 1| N=1,NBLOC
08 K1=KEY(N)
209 K2=KEY(N+1)=1
210 C-~FIND LOWER LEFT-HAND CORNER--
o1t 1XM=1023
212 1YM=780
013 DO 3 K=K1.,K2
P14 IP=1BLOC(K)
215 IFCIXCIP) LT IXM) IXM=IXCIP)
216 IFCIYCIP)Y .LT.IYM) IYM=IYCIP)
217 3  CONTINUE
218 C--FIND BLOCK AREAS-~
; 819 AREA1=8.0
; 2209 AREA2=6.9
; 221 1P1=1BLOC(K2)
; 922 DO 2 K=K1,K2
: 223 1P2=1BLOC(K)
- 224 IXt=IXCIP1Y~1XM
225 I1X2=IX(IP2)~IXM
. 226 1Y2=1Y(IP2)~1YM
1 e27 IY1=IY(IP1)-1YM
228 AREAI=AREAI+FLOAT(IX2-1X1)*FLOATCIY1+1Y2)/2.0Q
e29 AREA2=AREA2+FLOATC(IY2-IY1)*FLOATCIXL+1X2) /2.9
@30 2 1P1=1P2
3 231 AREA=CAREA1-AREA2)/2.0
@32 IF(AREA.LE.AMINY GOTO 13
, 233 IAREACN) =AREA/AMIN
= 934 C--NOW FIND MOMENTS OF AREAS ABOUT IXM, IYM=~-
: @35 XM=0.0
E 236 YM=0.0
937 IP1=IBLOC(K2)
; 238 DO 12 K=K1,K2
. 039 IP2=1BLOC(K)
: B840 IX1=IXCIP1)Y~-IXM !
1 a1l IX2=IXCIP2)~1XM ;
F @42 IY1=IYCIP1Y~1YM
943 1Y2=1YCIP2)~1YM
- @aa F1=FLOATCIX2-1X11/2.9
: 245 F2=FLOATL{IX2+1X1)
1 Q46 IFCIY2-1Y1) S,6,7
047 6  XM=XM+F1*xF2+*FLOATCIY1)
@48 GOTO 8
049 5 XM=XM+F | *(F2«FLOATCIY2)+FLOATCIYI~IY2)*FLOATC2%IX1+]1X2)/3.0)
950 GOTO 8
051 7 XM=XM+F 1% (F2*FLOATCIY1)+FLOATCIY2-1Y1)*FLOATCIX1+1X2%2)/3.0)
052 8 G1=FLOAT(IY2-IY1)/2.0
053 G2=FLOAT(1Y2+1Y1)
254 IFCIX2=-1X1) 9,510, 1)

255 10 YM=YM-G1+G2*xFLOATC(IX1)




@56

13
c--TO

29

24
22

23
21

GOTO 12
YM=YM-G1*(G2*FLOATCIX2)+FLOAT(IXI-I1X2)*FLOATC(IY2+2*IY1)/3.0)
GOTO 12
YM=YM-Gl*(G2«FLOATCIXI)+FLOAT(IX2-IX1)*FLOAT(IY1+2*1Y2)/3.0)
IPI=1IP2

ICX(N)=IFIX(XM/AREA+B.S5)+1XM

ICY(N)=IFIX(YM/AREA+Q.5)+1YM

CALL CROSSCICXI(NYLICY(N))

GOTO 1

IAREA(N)=0.0

CONTINUE

COMPUTE THE LENGTHS OF EACH EDGE--

DO 8@ N=1,NBLOC
K1=KEY(N)
K2=KEY(N+1) -1
IPA=1BLOC(K2)

KN=K2

DO 81 K=Ki1sK2
IPB=1BLOC(K)
XDIF=IXC(IPB)-1XC(IPA)
YDIF=I1YC(IPR)-1Y(IPA)
LENGC(KN)=SORT(XDIF*XDIF+YDIF*YDIF) + Q.5
KN=K

IPA=1IFB

CONTINUE

CALL CURSCID,IXX,IYY)

CALL CHARO(159)

IFCID.EO.197) GOTO 20 3*E'" FOR "ERASE"
IF(1D.EQ.200) GOTO 30 3""H'" FOR '""HARD COPY"™
1FC¢1D.EQ.208) GOTO 50 3P FOR "PHASE..."
1IF¢ID.EQ.193) GOTO 22 3A* FOR "ALL"™
IFC(ID.EQ.211) GOTO 60 358" FOR "SINGLE"™
IFCID.EQ.210) GOTO 70 3R FOR '"RESTORE"
GOTO 25

DO 24 N=1,NBLOC
IFCIABSCICX(N)Y=-IXX)«GT-IACC) GOTO 24
IFCIABSCICY(N)-IYY)«GT.IACC) GOTO 24
IFCIAREACN)Y.LE.D) GOTO 24 ]
IAREAC(N)Y=~-T1AREA(N)

GOTO 22

CONTINUE

GOTO 25

CALL CHARO(155)

CALL CHARQ(149)

DO 21 N=1,NBLOC

IFCIAREA(N) .LE.®) GOTO 21

K1=KEY(N)

K2=KEY(N+1)~1

CALL PLOTS(@,1IX(IBLOC(K2)),I1Y(IBLOC(K2)))
DO 23 K=K1,K2

CALL PLOTSC1,IXCIBLOCC KI),IY(IBLOCC K)))
CALL CROSSCICX(N)Y,ICY(N))

CONTINUE

GOTO 25




AT

111
112
113
114
115
116
117
118
119
120
121

122
123
124
125
126
127
128
129
130
131

132
133
134
135
136
137
138
139
140
141

142
143
144
145
146
147
148
149
150
151

152
153
154
155
156
157
158
159
160
161

162
163
164
165

30

32

31

49

50

60

61
62

63

79

C-35

CALL COPY (ISWIT) 3CHECK FOR SWITCH
IFCISYIT +EQ. @ > GO TO 25

DO 31 N=1,NBLOC

IFCIAREA(N) .LE.®) GOTO 31

K1=KEY(N)

K2=KEY(N+1) -1
11=1XCIBLOC(K2))*4~-2047
I2=1YCIBLOC(K2))*4-2Qa47

CALL PLOT(Il,12,3)

DO 32 K=K1,K2

I1=IXC(IBLOC(K))*4-2C47
I2=1YCIBLOC(K))*4-2847

CALL PLOT(I1,12,2)

ICI=ICX(N)Y=*4

IC2=ICY(N)I*4

CALL PLOT(IC1-2087,1C2-2047,3)

CALL PLOT(IC1-2007,1C2-2047,2)

CALL PLOTC(IC1-2047,1C2~208753)

CALL PLOT(IC!1-2847,1C2-2007,2)
CONTINUE ’

CALL PLOT(-2047,-2047,3)

GOTO 25

CALL CHARO(C155)

CALL CHARO(129)

CALL OVLAY(1,KEY)

GOTO 25

CALL CHARI(CIN)

IFCIN.EQ.177) GOTO 49 31" FOR "“PHASE 1"
IFCINNE.179) GOTO 25 33" FOR "PHASE 3"
CALL CHARO(155)

CALL CHAROC(C140)

IBLOC(1536)=NBLOC

CALL OVLAY(3,KEY)

GOTO 25

DO 61 N=1,NBLOC
IFCIABSCICX(N)-IXX)+CGT.IACC) GOTO 61
IFCIABSCICY(N)-IYY)-GT.IACC) GOTO 61
GOTO 62

CONTINUE

GOTO 25

NN=N

IF(IAREA(NN)<LE«9) GOTO 25

CALL CHARO(1S55)

CALL CHARO(140)

K1=KEY (NN)

K2=KEY(NN+1)~-1

CALL PLOTS(0,IXCIBLOCC(K2))»IYCIBLOC(K2)))
DO 63 K=K1,K2

CALL PLOTS(1,IXCIBLOC(K))I,IY(IBLOC(K)))
CALL CROSSCICX(NN),»ICY(NMN))

CALL CHARICIN)

IFCINCNE.197) GOTO 22
IAREACNN)Y=-1ABSC(IAREA(NN))

GOTO 22

DO 71 N=1,NBLOC

s o i



Gl ol ol

166
167
168
169
170

7

IFCIAREACN) «GE+3) GOTO 71
IAREA(N)=IABS(1AREA(N))
CONTINUE

GOTO 22

END

i
4
3
B
;




Symbo?
Naie
CONTR
FEET
MOVFL
MU
OPTIN
POUN
puP
TRANS
LALLB
JALPH
LAXIS
.BSIZ
.C100
.CHEK
.CLNC
LCPNT
.CURS
.DBp
.DBIN
.DCH
.DIsS8
.pIsP
.DISS
.DHBN
Drep
JEMPT
.FORD
.GETT
LHEAY
LHITC
JHITS

.IACC

Originating
Routine
CONTR
INPUT
INPUT
FORD
CYCLE
INPUT
REBOX
TRANS
UPDAT
UTIL
UTIL
TRANS
CCNTR
uTIL
TAPE
UPDAT
TEK
UTIL
UTIL
MOUIT
DISPL
DISPL
DISPL
INPUT
INPUT
TRANS
FORD
UTIL
LOADS
UTIL
HITS
uTiIL

C-37

List of Fhase 3 Global Symbols

Purposa of Symbol

Iteration znd Control reutine entry

ASCII Lengtn Descriptor

Memory overflow message

Default value of friction coefficient

Pointer to option input routine

ASCII force descriptor

Pressure segment test entry

Initial translation routine entry

Painter tc routine to update ail blocks

Pointer to routine to set Tektronix in alpra race
Pointer to routine to draw axes on screen

Number of words in block data arrays, excluding corners
A constant (=10G octal)

Pointer to routina chack if character is a digit
Pointer to tape checking routine

Pointer to word that can be changed

Pointer to routine that enables cursor

Pointer to Decimal to Binary conversion routire
Pointer to Decimal to Binary conversion routine
Pointer to routine to move a fixed block

Pointer to rcutine that plois a single block
Pointer to routine that plots.a11 blocks on paper
Pointer to routine that plots all blocks on screen
Block number of fixed block to bz moved

Block data pointer of fixed block to be moved
Head of empty 1list

Pointer to force/displacement routine

Pointer to routine to accept keyboard character
Pointer to routine to modify block weights
Pointer to routine to detect cursor hit on bleck
Pointer to routine to detect cursor hit on edge
Accuracy limit for hits on wzntroids




Ty

. LIy
IR SN
LKET
LERG
.L0DE
.LPAP
LPLS
M1
M2
M3
Jhd
M5
M6
M7
MEM
.MESS
NFLG
MOT
Jave
.MSKR
LNUM
.NVEC
QL
LPIGE
PENT
FILG
PLTS
LPONT
.pon2
.PRES
LPRNT
.PRN2
.PSEG
.PSI1Z
.READ
.REBX
RELZ

TheyT
UTIL
CYCLE
UTIL
INPUT
CONTR
DISFL
TRANS
TRAIS
TRANS
TRANS
TRANS
TRANS
TRAN
TRANS
UTIL
INPUT
MaTIO
mpPuT
REBOX
TRANS
DISPL
TAPE
UTIL
INPUT
CONTR
TEK
ponY
PONT
INPUT
UTIL
UTIL
INPUT
TRANS
TAPE
REBOX
REBQOX

C-38

Fointer to feiction ipyut routina

Pointer tou binary to docinal conversion routins
Pointer to routine to celculate kinotic energy
Pointer to routine to retyrn length of an cdge
Pointer to routine for nunerical applied load incut
Flag for rard copy load slat optioﬁ

Pointer io routine for plotting loads on screen
Pointer to start of block data pointers

Pointer to start of block data arrays

Pointer tc start of boxes

Pointer to start of linked lists of block corners
Pointer te start of block pointers to contact lists
Pointer to start of linked list area

Pointer to start of free memory

Highest memory location

Pointer to routine that prints messagas on screen
Flag for displacement control option

Pointer to law of motion routine

Pointer to input routine for moving fixad block
A constant {377 octal)

Total number of blocks

Flag for printing vector magnitudes

Pointer to routine to read first overlay

Pointer to routine that clears the screen

Head of pressure segment empty 1ist

Flag to control plctting when running

Pointer to line drawing routine entry

Pointer to routine that returns global coordinates
Pointer to quick entry to above routine

Head of pressure segment 1ist

Pointer to routine that prints a single character
Pointer to routine that prints character in ACD
Pointer to pressure segment input routine

Mumber of words in each contact entry

Pointer to routine to read a stored data set
Pointer to re-boxing routine entry

Pointer to re-boxing routine, alternate entry

K.




LRUNC
.ROT
JRSET
.SCAL
LSING
.SPRP
.STEP
.SYCL
LTIME
i JTPRN
.TREC
i LTYP
.UD
LUINP
.UREP
R
.VEC
NFAC
JHLHC
.WORD
JMRIT
.XCGD
.YCGD

TAPE
MOTIO
CYCLE
UTIL
UPDAT
INPUT
CYCLE
eyt
FORD
CYCLE
MOTIO
UTIL
INPUT
INPUT
CONTR
INPUT
CONTR
UTIL
TAPE
UTIL
TAPE
INPUT
INPUT

Pointer to tape rexding routine

Constant of integration for anjular velocity
Pointer to routinz that rosets cycle counter
Pointer to vector scaling routine

Pointer to single block updating routine
Pointer to beginning of fricticn tadle
Pointer to routine to incremnent cycle counter
Frequency of movement of fixed block

Pointer to routine to changa time step
Pointer to routine that displays cycles
Inverse time step

Pointer to return surface type number for edge
Unit of displacement

Pointer to units input routine

Update frequency

Unit weight

Vector plotting flag

Vector scaiing factor

Pointer to tepe writing routine

Pointer to routine to get alphanuneric string
Pointer to routine to store a data set

X - componant of fixed block displacement

Y component of fixed block displacement




2@0R2-002009
002091-~000000
a2e02-90000a
£0203-002000
003034-003000
8aB25-00000a
90006-000000
geeN7-000000
00010-023000
20011-0000214
P0012-000009
9PO13-00002S

00000200000
¢09391 '2C0200
20002000029
20A33'000080
02294°0000028
2a905'003434
00126 °02A409
2900700041 7"

000012

00010°'2730011°
20011001091
vaR12'0010320
P2013°'000400
PYR14°000409
PRN1IS5* 2004020
0OR16°003000
0eR17°0N3000
200200200400

oBB21°177770

200019
@Ca22°901aae
@323 1008609
ena24'930a2303°
oeR25°a0Q324"
POP26'0000A9

20P27°'034761
esa30°'a30771
02A31'106400

29d32°' 021 400
e0R33'107000
80034175400

«TITL  TRANS C-40
3TO CREATE NEw DATA STRUCTURES FROM
3THE ORIGINAL FORTRAN ARRAYS.

eENT TRANS  eM1 2 eM22 M3, « NUM,» «BS1Z2
«ENT oeMAseMS5reMbseMTy s EMPT» «PSIZE
oENT «MEM

«EXTN CONTR
+EXTD «PON1,PON2, +ALLB, «DISS» «MSKR
OEXTD OOVLI QMESSJ OTPRN

«ZREL
+MEM? %] SHIGHEST MEMORY LCTM
M2 Q
«M32 a2
«MA: e 3LINK ARRAY START
+M53 5} SLINK ARRAY END+1%
M7 2 JNEXT FREE CORE LOCATION
+EMPT: @ 3NEXT EMPTY LIST START
«PSIZ: 14 3PROD ENTRY SIZE
«NUM: 2 3NUMBER OF BLOCKS
.B8SI2: 25 sSTART OF POINT DATA
+NREL
AREA: 0 3FORTRAN COMMON LOCATIONS
ICX: [
1CY: 0
KEY 2
LENG: 5]
NMAX: 404 3TOP OF PROGRAM AREA

Fa03: 409
NEXTR: NEXT

+«RDX 10
JFOLLOWING SIZES MUST BE CHANGED IF
3COMMON BLOCK IS CHANGED IN THE
3FORTRAN PROGRAMS, PHASES 1 & 2

TBL: ot
513 31Y )
512 31X )
256 3I1CY )
256 31CX )
256 3J1IAREA ) FORT. ARRAY NAMES
1536 JLENG )
1536 31BLOC )
256 JKEY )
3
COUNT: -8B 3MINUS NO« OF ARRAYS
«RDX 8
STEP: 12900
HIGH: 77680+1200 3ALLOWS 220 wDS FOR LDR
IPXRe 1PX
IPYR? 1PY
IBLOC: @
3
TRANS: LDA 3,T8BL
LDA 2,COUNT
sSuB 1,1
3TQO FIND TOTAL COMMON BLOCK SIZE
Sum:s LDA Ps,0,3
ADD 0,1
INC . n

e i




0B035°151404
080B36'000774

00337°028763
Q0040'234763
00041116409
2CA42°'955777
00043031777
0Q244'1564l14
08045°'036774
09246050000~

00047132400
@aA50°858733

00051024747
20052133600
00353°'050753
00054°9@24743
0AB55°133200
Q0056058726
PPB57'024737
29060°133000
00061050717
PBB62°024733
00063 °133000
B854 050715
@0065'n24727
©0066°133000
0008670850713
QQ07@°'324723
09071133900
80972°@352732
80273'024717
90074°'133009
000975°052739
00076030706
00077021377
00100°0492012~
00101°101005
PO102°006006%
©081983'022702
00104°'0400201~
29105024701
20106'123000
00107040002~
00110°1902400
00111°C40566
021121040566
©8113'0349001~
03114°954566
90115'3300072~
0O116°050563
Q0117951420

N0120'034660
20121°024556
04122°'137000
80123°0214090

JCOMMON SIZE IN
3NOW SIZE CORE

3
BACK

INC 2,2,S2R C-4]
JMP SUM
ACl1
LDA 0,5TEP
LDA 3,HIGH
s5uB 0,3
5TA 3,-1,3
LDA 25-1,3
suB# 25,3,S5ER
JMP Y-}
STA 2s+MEM
SHIGHEST USEABLE MEMORY IS IN AC2
suB 1,2 3LOWEST LOC. OF COMMON
STa 2,KEY
3COMPUTE LOCATIONS OF INDIVIDUAL ARRAYS
LDA 1,TBL+10Q
ADD 1,2
STa 2,1BLOC
LDA 1,TBL+7
ADD 1,2
STA 2,LENG
LDa 1,TBL+6
ADD 1,2
STA 2,AREA
LDA 1>TBL+S
ADD 1,2
STA 2,1CX
LDA 1,TBL+4
ADD 1,2
STa 2,1CY
LOA 1,TBL43
ADD 1,2
STa 2:01IPXR
LDA 1,TBL+2
ADD 1,2
STA 2,@IPYR
LDA 2,LENG
LDA @r,-1,2
STA 9,.NUM SNUMBER OF BLOCKS
MOV 2,9, SNR
JSR e.0VL JEXITseeoeeNO BLOCKS
LDbA 2,eNMAX 3SET UP START OF DATA AREA
STA @s oMl
LDA 1,FA400
ADD 1,0
STA D, M2
suB 0,9 JINITIALIZE COUNTERS
STa @sNB
STA B>NP
LDA 3, M1 SINITIALIZE POINTERS
S5TA 3,PPNT
LbA 2s M2
STA 2,BPNT
STA 2,8,3 3FIRST BLOCK POINTER INSTALLED
LDa 3,AREA
LDa 1,NB
ADD 1,3 3GET AREA, BLOCK NB
LDA 2,0.3

scndoiin, dicie

e it s



Q0124121024
Q125101112
BV126°002661

9o127°'Q41014
2a138°'102400
201310493562
p2132°'0410C2
90133'041004
Qa134°'341011
©9135'2410e5
00136341006
8137041012
20140341067
00141041015
03142'041016
80143'041017
@8144'041020
00145'341021
801456041022
00147°041023
02152'041024
22151'100000
00152041010

00153°034626
00154137000
PO155°'021400
80156'2410201
80157040537
PP160°'0234622
Pe161°137000
00162°021400
02163'041293
P0164°'048531
08165034616
00166°'13700a
0O167'021420
80170025401
00171106400
90172°045000
80173'024013-
P2174°133000
00175126520
00176°'122400
90177°034685
00200117029
PN201'0545@6
00202°054586
80203'034623
20204'117000
00205°'054504
00206°'054504
3

90207021402 LOOP:
P0210@°'122400
00211°0234472
Qa212°'117000
00213°'025400
00214°'034470

MOV
MOVL #
JMP

STA
Sus
STA
STA
STA
STA
STA
STA
STA
STA
STA
STa
STA
STa
STA
STA
STa
STA
comM
STAa

LDA
ADD
LDA
STa
STA
LDA
ADD
LDA
STA
STA
LDA
ADD
LDA
LDA
sus
STA
LDA
ADD
SUBZL
sus
LDA
ADD
STA
STA
LDA
ADD
STA
STA

LDA
suB
LDA
ADD
LDA
LDA

@,0CsS5ER
0,0,52C
ENEXTR

G,14,2
2,9
P,AX
0s2,2
B>4,2
P,11,2
0s5.2
Bs6,2
2,1252
Bs7,2
0,15,2
Bsrl6s2
3,17,2
022052
8,21,2
Bs22,52
@s,23,2
0,24,2
2,0
2,10,2

3,ICX
1,3
0,0,3
@s122
@s1X%
3,ICY
1,3
?,0,3
P»352
0>1Y
J»KEY
1,3
0,053
11,3
@1
1,0,2
1,BS51Z
1,2
1e1
1,9
35LENG
2,3
3»FANG
3>FENG
3,1BLOC
9,3
3,FING
3>FONG

0,0,3
1,2
3, 1PX
2,3
1,90,3
3.,1PY

C-42
INEGATIVE, Uk ZERO, AREA

3 STORE AREA
SINITIALIZE THE FOLLOWING:

;LOW X
3LOW Y
3(SIN)

3 X-VEL
JALPHA-DOT
3LOW ALPHA
3XRFSUM
3Y-VEL
3YFSUM
3MSUM
3IDELTA~X
3DELTA~-Y
3DELTA~ALPHA
3X LOAD

3Y LOZD

3 (CO0S) = NEAREST THING TO |

JGET ICX(NB)
3PUT IN NEW BLOCK LIST
JTEMP STORE FOR LATER USE

3GET ICY((NB)
JPUT IT AkAY
JAS WITH IX

JKEY(NB)
SKEY(NB+1)

SNUMBER OF POINTS THIS BLOCK

IKEY(NB) -1
FPOINTER TO LENGTH ARRAY

$2NDe. COPY FOR LONG BLOCK

3POINT NUMBER
3Pe NUM -1

FPOINTER TO X CO-ORD IN IPX
3X CO-ORD IN AC!H

'
;
£}
R
i



@215 117000
00216020502
002171122400
@e220° 100400
G0221°CAa0465
@A222'024463
09223101112
(0224100400
PB225° 1046512
026 R00AT2
00227024464
00230106512
00231°'0 - 462
00232'Cl0a54
00233°'3240305S
$6234°123700
00235'325400
03236°115000
00237°023455
80240 ° 122400
00241 170400
P0242°040444
00243°'024442
00244"101112
00245130400
@0246'106512
00247°'0060451
00250024443
00251106512
@0252° Q42441
00253'020433
€3254'124005%
00255123400
00256163000
P0A257°041000
00260°034427
002611021430
0P262°041001
00263°316415
P0264'020414
00265' 026414
00266' 151409
@0267°151420
906270°122513
00271°000507
00272°'010417
00273°012414
00274°034415
B0275'126520
00276000711

20277000000
203299320000
20301000909
00302 °A00000
0@3703'A35600
P0304°B35690
09305°'000177
202306 BA00R0
03307000000

3

NB:
NPt
BPNT®
PPNT:
I1PX:
1PY:
ONE27
TEMP:
FANG:

ADD
LDA
sus
NEG
STA
LDA
movL#
NEG
SUBL#
JMP
LDA
suBL#
STA
LDA
LDA
ANDS
LDA
MOV
LDA
suB
NEG
STa
LDA
MOVL#,
NEG
SuBL#
JMP
LDA
susL#
STA
LDA
LDA
AND
ADD
STA
LDA
L.DA
STA
15¢
LDA
LDA
INC
INC
SURBRL#
JMp
1S2
1Sz
LDA
SUBZL
JMP

8,3
e,IX
1,0

0,0

@, TEMP
1,0GNE27
0,02S2C
Q2s0
0,1,S¢C
FhORD
1,MAX
2,1,S2C
B,MAX
@,TEMP
I!GMSKR
1,C
1,0,3
9,3
O,1Y
1,90

2,0
@,TEMP
1,0NE27
Ns0,52C
2,0
2,1,52C
FWORD
1,MAX
@»1,SEC
paMax
2, TEMP
15 +MSKR
1.0

3,0
0,0.2
3,FaNG
0,0,3
@,is2
NP

B,NP
1,8BPNT
2,2

2,2
15,8,SNC
QuT
FING
FANG
3,FING
1,1
LOOP

C-43

3JPOINTER TO Y CO-ORD IN AC3
3GET XC BACK
3XC~XP (RELATIVE X» XR)

3127

3 ABS(XR)

3IS ABS(XR)>>127 ?

3YES, TREAT AS LONG BLOCK
315 IS SHORTEST?

JGET ACO WITH CORRECT SIGN
JMASK OFF LEFT BYTEs, AND SWAP
3Y CO-ORD IN AC!

SRETAIN XR IN LEFT BYTE OF AC3
3GET YC BACK

3YC-YP (RELATIVE Y, YR)

3TO CORRECT A BLUNDER !

3DO AS WITH Xese

sMUST BE LONG BLOQCK

5MASK QFF LEFT BYTEe.
3e««AND ADD IN XR

JSTORE FULL WORD IN LIST
sGET LENGTH OF SIDE NP
3STORE LENGTH IN 2ND WORD
JGET MAX POINTS

3BUMP POINT POINTER

1S NP > MAXP ?

3YES, END OF POINT LOOP
380> CARRY ON

3POINTER TO IBLOC ARRAY

3ROUND AGAIN WE GO

3FORTRAN POINT ARRAYS

i, cdihin, anS




90310°070N00 FENG: %) C-44
90311°000000 FING: 0O
@0312'000033 FONG: @
00313'002@00 MAX: @ i
@0314°'002009 SAVE: @
00315°000000 1Y 2 1
@0316°'0000A0  IX: 2
P2317'G20200 LBIT: ©20028 3LONG BLOCK FLAG
3
STHIS SECTION USED WHEN LONG BLOCKS ARE FOUND
20320'10240@ FWORD: SUB 8,0
80321°'848757 STA 2,NP 3RESTORE POINT COUNTER
90322'024757 LDA 1,BPNT
908323°030613- LDA 2,.8S1% 3START OF POINT DATA
‘ : 00324133000 ADD 1,2 3RESTORE POINT POINTER
90325'334765 LOOPL: LDA 3,FONG 3POINTER TO IBLOC ARRAY START
B0326° 126520 SUBEL 1,1
933271021420 LDA 0,0,3 3POINT NUMBER
90330° 122400 suB 1,0 3 PNUM=1
20331°034752 LDA 3,1PX
00332°117000 ADD 9,3 SPOINTER TO X CO-ORD IN AC3 J
00333° 025480 LDA 1,8,3 3X CO-ORD IN ACI
P0334°'G34750 LDA 3,1PY
1 90335°117000 ADD 2,3 3POINTER TO Y CO-ORD IN AC3
A P@336'020760 LDA @,1X 3GET XC BACK {
00337106400 suB 2s1 3XP=XC (RELATIVE X, XR)
90340'045000 STA 1,0,2 3STORE XR IN LIST
;- 00341125112 MOVL#  1,1,S2C 3TO RECORD MAX DIMENSION
PB342° 124400 NEG 1,1 ;
. 2@343°'020750 LDA »MAX
90344'122512 SUBL#  1s3,SEC
P@345'044746 STA 1,MAX
. 0B346°151400 INC 2,2 3BUMP  POINT POINTER
083470625400 LDA 10,3 3Y CO-ORD
00356°' 020745 LDA 0,1y 3YC BACK
20351°106400 SUB gs1 5YP-YC CRELATIVE Y» YR)
80352°'045000 STA 1,9,2 3PUT IT AWAY
@0353°125112 MOVL#  1,1.SEC
P@354°'124400 NEG 1,1
PP3S5°'020736 LDA @,MAX
99356°122512 SUBL#  1,0,S52C
00357044734 STA 1,MAX
PR360°151400 INC 2,2 3BUMP POINT POINTER
80361°'034727 LDA 3,FENG
006362°021400 LDA ©,0,3 SLENGTH SIDE NP
99363'041020 STA 0,0.2
20364151400 ING 2,2
£0365°'01@713 1Sz NP
00366° 020712 LDA 2,NP
PU367°'026712 LDA 1,0BPNT
20378°122513 SUBLA  1,8,SNC
90371°'000404 JHUP OUTR JPOINT LIST DONE
80372°'010720 152 FONG
20373010715 1SE FENG
08374'998731 JMP LOOPL
8@375'028722 OUTR:  LDA 6,LBIT
80376107000 ADD 0,1
0A377' 046702 STA 1,8BPNT 3ADD IN LONG BLOCK FLAG
3
PP4NR* 102400 OUT: SuB 0,0




o mmidantain

90401°'0498677
00422034677
00403'8506676
0044010676
00405'052675
00406°'102400
0040770247064
004100320858
peaattri13asi2
004121450029
00413'131000
00414°'9733a1
PPA415°'045413
PO416°030663
02417°'010660
202420'024012~
00421 °'D20656
9g422'122512
008423'002435
00424°122400
PB425° 042655
00426°@256003~

00427024432
093430°134429
00431147002
93432' 044084~
00433'044432
02434°102000

00435°'041000
P2436°151400
00437175424
00440°0020775
00441°122409
00442° 040420
00443°'034201~
90444'054422
PR445'@32421
004456°151@a5
004470004565
00450°'021000
00451°'024420
90452° 123400
PP453'040414
PO454'126400
00455044406
20456°006001S
0eas57°'nNoLa16
004690°'0NCA120°
PB461 003320
PRA62'EN0CA0
62453°00AA00
PB464°02N4ACH
@3465°'¢200C0H
08466° 300200
PA467°'30RAR0
A470°'000109
90471002377

NEXT:

STA
LDA
STA
ISz
STA
sus
LDA
LbA
SuBL#
MOV
MOV
MUL
STA
LCA
182
LDA
LDA
sSusBL#
JMP
suB
STA
STA

@>NP
3»BPNT
2,BPNT
PPNT
2,0PPNT
g,
1.MAX
25 «MSKR
1,2,S£C
211

1,2

1,13,3
2,BPNT
NB

1, .NUM
2,NB
1,80,52C
eBACKR
2,0

@, 8PPNT
2sM3

C-45

JRESET POINT COUNTER

3>256 NOT ALLOWED

3D*D (MAX) FOR ™.

1S NB>=NBLOC ?
iNQ» KEEP GOINGes.

5PUT ZERO ADDRESS IN LOCATOR LIS
3NEXT FREE MEMORY

3 THE NEXT PART CLASSIFIES ALL POINTS
3IN COARSE BOXES.

SNOTE:
PIG:

AROUN:

BACKR:
BOXSZ ¢
NRA:

NPA:

PRODE:
FREE:
PPNTA:
PCNT
cC1920:
MSKR?:

LDA
NEG
ADD
STA
STA
ADC

LINK =

STa
INC
INC
JMP
suB
5TA
LDA
STA
LDA
Mov
JMP
LDA
LDA
AND
STA
suB
STA
JSR
JMP
BACK
320

1,B0XS2
1,3

2,51
1,.M4
1,FREE
0,0

17777 MEANS END OF LIST.
3SET ALL LINKS TO 177177

0,0,2
2,2
353,S52R
P1G

2,0
@,NBA
35 M1
3,PPNTA
2,08PPNTA
2525 SNR
DONE
8,052

1 »MSKR
1,0
@,PCNT
151
1sNPA

8 .PON1
PLACE

SLINK ARRAY START

3 INITIALLY

3 BLOCK NUMBER

SEND OF LIST?
3YES

3FIRST BLOCK WORD

oF 1.

3GET POINT COUNT ONLY

3 POINT COUNT

3RESET POINT COUNTER

3GET CO-0ORDS OF FIRST POINT

3BOX ARRAY SIZE (202+%1S OCTAL)

3PROD LO

CATOR SIZE




00472'000000

00473°'024770
00474060028
PP4a75°C44775
00476105000
00477334003~
9925880230770
28501 '102400
00502°'073101
ABS83'137000
00524102400
28595°'024765
PO5R6°N73101
eese7°127120
20510127120
09511'137000
60512°'021420
890513°'930752
00514°041001
80515°@51400
00516'024744
80517020744
99520'101309
00521123008
00522°'041200
99S23°151409
02524°1514909
29525950740
00526°'010735
P0527°'014740
©3530'0908743
©0531°'810735
99532°'010730
02533°000712
08534°030731
©0535'050005-

008536°'024726
80537134400
00540° 147000
00541 '044006-
00542'044007~
90543°'102009
P0544° 040010~
00545°'041000
20546'151400
20547175404
00550°'000775
00551 °'006018S
00552°006004S
00553°'02060075
A3554°'00@0561°
@gogo12
00555177076
90556'030Q217
000010
00557°'002401
0a560° 1777177
20561°'050040
08562°040510

NY:
cov:

PLACE:

DONE:

ITR:

CNTRL?

C-46

JQUICK ENTRY

JNOW PUT NX IN ACI

3NOW COMPUTE WHICH BOX

JTHE POINT NX», NY SHOULD BE
3ASSOCIATED WITH» AND PLANT A
SLINK TO IT IN THE BOX ARRAY.
3 INPUT: NX IN AC1
3AC3=AC3+NX/100

JAC3=AC3+(NY/103)%20
SFIRST LINK (MAY BE @)
3FREE SPACE POINTER

3PUT OLD LINK IN 2ND WORD
3PUT NEW LINK IN BOX ARRAY

3COMPOSITE (NPA:NBA)
3PUT IN 1ST WORD
3UPDATE FREE POINTER

3DONE IF PCNT=0

3NEXT FREE LOCATION

JPROD LIST START
SFIXED POINTER
3MOVING POINTER

SNOTHIMG IN EMPTY LIST
3SET ALL LINKS TO -1

sDISPLAY ALL BLOCKS

(%}

LDA 1,0NPA
JSR 8 .PON2
STA 1,NY
MOV 0.1
LDA 3513
LDA 2,C109
suB 2,0
DIV

ADD 1,3
suB G,0
LDA 1sNY
DIV

ADDZL 151
ADDZL 151
ADD 1,3
LDA 0,953
LDA 2,FREE
STA 2s1,2
STA 2,0,3
LDA 1>NBA
LDA P,NPA
MOVS 0,0
ADD 1,0
STA 2,052
INC 2,2
INC 2,2
STA 2,FREE
152 NPA
DSZ PCNT
JMP cow
ISZ PPNTA
152 NBA
JMP AROUN
LDA 2,FREE
STA 2, M5

3NOW PREPARE FOR PROD LIST

LDA 1> PRODZ
NEG 1,3
ADD 2,1
STA 1s5M6
STA 15eM7
ADC 9,9
STA @, «EMPT
STA B,08,2
INC 2,2
INC 3,35S2ZR
JMP 1TR
JSR e.TPRN
JSR e.D1SS
JSR e.MESS
TEXT

«RDX 10
=450

1S

+RDX 8

JMP eCNTRL
CONTR

+TXT =*= P

TEXT:
HA




C-47
20563° 042523 SE
00564°052040 T
PAS65°G511108 MR
PPS566°042505 EE
0805670000090 =
000027 «END TRANS

I L Il IR Al tll E SRt I




00600-002817"°
00001 -200159"

20003040416
Q02317063610
0020200777
20003'060510
2en04'0a3490
@0005'622411
Q336001401
800027 '34N407
A0010°a63511
Rea11'00R777
20012023400
20013261111
80914'0203402
Bea15°'AAl1 ap1
oe216°02000020
ecal17° 040525
200290044525
00021021400
80022049524
0B923°054529
90024101015
009225202405
een26°101113
o027 0A0405
RA3IA*AN6511
220310012130
0208326507
@eea33*oea127"°
80a34° 28511

0ea3s°i1ct1112

20036102400

090037334477

20049162513

WHERE®

3
3
H
3
3
3
3
3
3
3
3
H
3
3
3
3
3
3
H
3

+PLTS:
+CURS:

CHIN:

CHOUT ¢

CCACO:
TPLOT:

TPTDV:

TPTNRM:

«TITL
3TO PLOT A POINT ON THE TEKTRONIX SCREEN:

TEK

JSR e.PLTS

1 FOR BEAM ON.»

INPUT: ACQ =

ACl =

JSR @.CURS

CHAR
X
Y

CHAR=ADDRESS OF ®ORD CONTAINING

Y =

«ENT
«ZREL
TPLOT
CURSIS
+NREL
STA
SKPDN
JMp
DIAS
STA
LDA
JMP
STA
SKPBEZ
JMP
LDA
DOAS
LDA
Jmp

@

STA
STA
LDA
STA
STA
MOV #
JMP
MOVL#
JMP
JSR
us
JSR
GS
LDA
MOVL #
sSuB
LDA
suBL#

(PUT 0 HERE FOR BEAM OFF.»
FOR POINT PLOT)

X CO-ORDINATE
Y CO-ORDINATE

TO GET CURSOR CO-ORDINATES AND CHARACTER:

KEY CHARACTER.,
X =ADDRESS OF
o "

BORD WITH X CO-ORD.»

” (1) Y

«PLTS» «CURS

@,CCACQ
TTI
=1
B,TTI1
2,053
@,CCACO
1,3
©,CCACQ
TT0
e=-1
0,20,3
@,TTO
B,CCACQ
1»3

B,TPTX
1,TPTY
2,0,3

2., TPMOD

3,TPTADD; SAYE CALL ADDRESS

0,05SNR
TPTDV
@,3,SNC
TPTNRM
8CHOUZ

eCHOUZ

@>TPTY
@,0,S2C
¢,0
3,D780
3,0,SNC

s SSVE AC9

3SKP IF CHAR READY

sREAD CHAR

5 STORE CHAR
JRESTORE ACO
3 RETURN

3 S]/VE ACO

SSKLP IF NOT BUSY

3 GET CHARACTER

3 SHEP CHARACTER

3 REITORE ACO

3TEMP FOR AC2
3X TO-0ORD
5Y CO-0RD

3MORE FROM CALL+1

$SK? IF NEQ ©
P= @
JSKIP IF < @

3NOMMAL BRIGHT VECTOR

3SEd TO ALPHA

sDAIK VECTOR

JGET Y
i SKT IF +
iMatE O
JUPFER Y BOUND

JSK? IF ON SCREEN

INITIALIZE AND DARK VECTOR




- -

80041161009 MOV

00P42°'0402503 STA
0PBA3*101120 MOVEL
PBR4A4' 101120 MOVZL
08045°101120 MOVZEL
000461081300 MOVS
00047034463 LDA
000501630490 ADD
Q0051°'04p476 STA
03952006467 JSR
83053°002147° TPTTMP
Q80954°' 020471 LbaA
00855°'034453 LDba
000561634092 AND
POOS5?*n34455 LDAa
00062° 163000 ADD
P0e61 'B4B466 STA
080862°'006457 JSR
epB63°'000147" TPTIMP
BO064°020460 LDA
popss* a2 MOVL#
00066° 192490 suB
BO067°'03445@ LDa
@0a70'1625123 suBL#
Gea71'161000 MOV
00072840452 STA
02073101128 MOVEL
00074%1014120 MOVZL
9e875°101120 MOVEL
00076101300 MOVS
Q0B77°834433 LDA
2010@°163088 ADD
00101°0408446 STA
0B102'006437 JSR
98103'000147" TPTTMP
00104020449 Lba
0P105°834423 Lba
Qr106°163400 AND
00107°034424 Lba
00110°'163000 ADD
00111 °04R438 STA
02112°'006427 JSR
02113°'000147" TPTTMP
08114°'02p432 © LDA
Q0115101113 MOVL #
20116°000404 JMp
8117102400 SuB
Qa120'0490426 STa
00121°608713 JMP
00122°'9204290 TPTEXT: LDA
P0123°034420 LDA
0012400140} JMP
20125000022 SUBGQA: 832
00126°@2MN33 ESC: 233
00127°'00¢0235 GS: 235
@@13a'38@837 US: 037

88131000020

00132°'200040
491337009100

BR20: 020
008139 BO37=US

BR4p: 040
B10Q: 109

3,0 3SET TO EDGE
2,TPTY 3SAVE GOOD Y

d,8 $USE UPPER 5 BITS
2,9

2,9

2,0 3JAND SWAP HALVES
3,B248 3HI Y TAG

3,0 }PUT IN CHaR

@,TPTTMPSUSE A TEMP

8CHOUZ SHIP HI Y 5
G,TPTY 3GET Y
3,B3d37 ;3MASK

3,0 JLEAVE 1OW Y 5
3,B149 JL0W Y TaG
3,0 3SET IN CHAR
B,TPTTMP

@CHOUZ 3SHIP LOW Y
@,TPTX GET X VALUE
@,3,SEC

2,8

3,01023

3,0,8NC

3.0

2,TPTX

0:0 $AND DO LIKE Y
2,0

a,a

8,0 3HI X S
3,884 3H1 X TAG
3,0 3ADD IN TAG
P,TPTTMP

€éCHOUZ ;SHIP HI X S
2»TPTX 3GET X
3:B037 ;GO0ODIE MASK
3,0 SLEAVE LOW X S
3,B180 3L0W X TaG
3,0 SPUT IN TAG
@sTPTTMP

€CHOUZ

@, TPMOD

@,3,SNC

TPTEXT

8,0

8,»TPMOD

TPTNRM

8,TPTACOIRESTORE AC@
3,TPTADD3CALL ADDRESS
1,3 JEXIT AT CALL+1




00134°0C3149 B140:
©8135°'07CCa3 DOA3:
@0136°001414 D780:
©06137°001777 D1023:
20140°00CE3* CHINP:
00141°@02@37* CHOUEZ:
90142°'G03C2A TPTACO:
©0143°002@02 TPTADD:
20144000600 TPTX:
20145°0002C0 TPTY:
00146°'233200 TPMOD:
00147°0303008 TPTTMP:
20150' 040772 CURSIS:
80151°'As54772
82152'€06767
00153'020130"*
PB154°086765
80155'000126"
80156°'0R6763
#0157°'000125"
20160°006760
00161°'002144"
20162'328753
P0163°040764
90164°020760
20165°000421
P0166°'0306752 CURLP:
20167°000144"
20170°006759
90171°0C0145°
00172°'834736
09173°'020@752
@0174°163400
20175°'04R750
£0176°@20746
00177°163400
00200°101300
00201101220
80202°101220
00203'101220
00204034741
00205°163000
20206°034735 CURPS:
00207043420
00210°175400
002110654732
00212°'014735
20213080753
20214°020726
00215001 40@

140
2a3
1414
1777
CHIN

CHOUT

Q

¢}
%]
1%}
9}

[

STA
STA
JSR
us
JSR
ESC
JSR
SUBQA
JSR
TPTX
LDaA
STA
LDA
JMP
JSR
TPTX
JSR
TPTY
LDA
LDA
AND
STA
LDA
AND
MOVS
MOVZR
MOVZR
MOVZER
LDA
ADD
LDA
STA
INC
STA
DSZ
JMP
LbA
JMP
+END

C-50

8,TPTACU; SAVE ACY
3,TPTADD3SAVE CALL ADDRESS
eCHOUZ 3SET TO ALPHA

@CHOUZ 3TURN ON CURSER
€CHOUZ
eCHINP JGET CHAR

90,0083 3GET LOOP COUNTER
B, TPTTMP

@,TPTX CGET CHAR

CURPS 3STORE CHAR
@CHINP 3GET HI COCORD

eCHINP 33GET LOW COORD

3,B037 3MASK

P,TPTY 10w COORD

3,0 3MASK OFF GARBAGE
2,TPTY SAVE FOR LATER
@,TPTX ;H} COOFD

3,9 3MASK OFF

0,0 3SNAP

2,0

0,0

2,9

3,TPTY 3LQW COORD

3,0 380D IN LOwW COORD

3,TPTADDsCALL ADDRESS
2,e0,3 ;S5TORE VALUE

3,3 3ADJUST ADDRESS
3,TPTADD3SAVE UPDATED ADD
TPTIMP ;CHWECK FOR DONE
CURLP SLOOP IF NOT

0, TPTACQIRESTORE ACO

0,3 3 KETURN

ATt TR 1 SRV 535




C-51

«TITL FONT
3ROUTINE TO RETURN GLOBAL CO-ORDINATES
5OF POINT NP, BLOCK NB

JINPUT: ACI = FOINT # NP

3 AC2 = POINTER TO START

3 OF DATA, BLOCK NB.
3

30UTPUT:ACO = X CO-~OKDINATE

3 ACl = Y CO-ORDINATE

H AC2 1S PRESERVED.

3
SENTRIES:
3 JSR @.PONl , FOR NORMAL ENTRY

JSR @.PON2 , IF PREVIOUS CALL WwAS
FOR THIS BLOCK (AC2
NOT NEEDED).

e e be e e

«ENT +PON1, . PON2
«EXTD «BSI1Z
«ZREL

A0000-0000280° .PON1: PONTI
00001-000170" -PON2: PONT2

. «NREL

g - 80R08°054544 PONT1: STA 3,5v3

: 200017021009 LDA 2,0,2 31ST WORD

. 200027034545 LDA 3>LBIT
00083°'117490 AND 9,3 3AC3=LONG BLOCK INDICATOR
02004° 054555 STA 3,1InND3
200059240547 STA 0,SINF 3SIN FLAG IN BIT @
00006101100 MOVL 2,9
00007 ' 040546 STA 2,COSF 5CO0S FLAG IN BIT @
00016021001 LDA 0,1,2 3X CENTROID

- 00011042537 STA 2,XC

? g0e12°'021993 LDA 0,3,2 3Y CENTROID

: P0@13'040536 STA 2,YC

F 02014021911 LDA @,11,2 3SIN

4 80015°040535 STA B,SIN
000216'021010 LDA 8,10,2 3CO0S

3 20017°'048534 STA 2,C0S

> 20020°'9050523 STA 2,8v2 3BLOCK NB», DATA START

3 00021°020001S ENTQ: LDA 0,.BSI1Z 3START OF POINT DATA
80022°113000 ADD 2.2 3POINTER TO START OF
090923°175004 MoV 3,35SER 3POINT LIST
00324000536 JMP LONG 3LONG BLOCK
00925'127000 ADD 1,1 3NP*2 FOR SHORT BLOCK
00026° 133000 ADD 1,2 3 (POINT NP)
00027°02a516 LDA B,MASKR ;0000000911111111
9NG30°825000 LDA 1,0,2 3 (XR:YR)
90031135300 MOVS 1,3 3 (YR XR)
0@n32°117400 AND 0,3 BRIGHT 8 BITS XR IN AC3
©0033°107409 AND Q2,1 F .o YR * ACI
90034°'039512 LDA 2,C200 3MASK TO DETECT NEGATIVE
00035°14741 4 AND# 2,1,52R
P0A36°'106009 ADC 8,1 JMAKE PROPER NEGATIVE
09037'157414 AND# 2,3,S82R
20042°'116000 ADC 2,3 3CALL 16 BITS OK)
0e041°044515 DOG: S5TA 1,YR 3XR IN AC3, YK IN ACI
ena42°'030519 LDA 2,SIN
00043°1062440 SuUBo0 0,9




02044125112
00045'124440
P46 Q73301
ngoa7*125112
Q3050101400
20051181002
90052°100400
2resS3 024591
eops4°125102
22955100400
00056°024472
20057°106420
o672 "0B44500
00a61°165000
00062'330471
PRO63° 102440
aens4'125112
28065'124440
00066073301
Qoes67°*125112
23070° 1014029
P0871'101002
22072°'102402
82273024462
P0Q74'125102
00075°107400
PBAT6°024462
PR077°1087000
001030° 044460
02101°'165000
00102°'032450
00103°102440
PQ164°'125112
PO195°124440
001060733021
0197125112
00110°101400
nRA111°101092
021127100400
28113024441
80114°125102
02115°'10B420
©8116°224433
90117°107000
00120°044437
20121°024435
00122°030431
00123'102440
00124125112
@0125'124440
fO126° 073301
ge127*125112
00130101400
eal3t*tolee2
f0132°100420
20133°024422
98134'125192
290135100400
00136°'C24a421
79137'107000

MOVL #
NEGO
MUL
MOVL #
INC
MOV
NEG
LDA
MOVL
NEG
LDA
suB
STA
MOV
LDr
SUBO
MOVL#
NEGO
MUL
MOVL #
INC
MOV
NEG
LDA
MOVL
NEG
LDA
ADD
STA
MoV
LDA
sSuBO
MOVL #
NEGO
MUL
MOVL#
INC
MOV
NEG
LDA
MOVL
NEG
LDA
ADD
STA
LDA
LDA
suBo
MOVL#
NEGO
MUL
MOovL #
INC
MOV
NEG
LDA
MOVL
NEG
LDA
ADD

1,1,S2C
1,1

1,1,S3EC
8,2
B,0,S52C
2,0

15 SINF
1,1,S£C
8,9
1,XC
2,1

1»X

3,1
2,C0S
0,0
151,S2C
1,1

1,15S82C
0,0
0,08,S2C
0,9
1,COSF
1,1,5E2C
2,0

1,X

0.1

15X

3.1
2sSIN
8,0
1,15SEC
11

1,1,5%C
0,0
0s,7,5S2C
Cr0
1,SINF
1,1,SZC
0,0
1,YC
a1

1,Y
1>YR
2,C0S8
2,0
1,1,52C
151

1,1,S2C
2,0
@,0,S2C
2,9
1,COSF
1,1,52C
2,0

1,Y

2,1

——

C-52

3-VE Yk?

3YES. ABS(YR). SET CARRY
JYR*SIN IN ACO

sROUNDED ARITHMETIC

3JRESTORE SIGN

3-VE SIN

3X=XC-YR*SIN

3SET CARRY IF AC1<9
JXR*C0S IN ACO

3-VE COS

3X=X+XR*COS
JGLOBAL X CO-O0ORD
3XR

3XR2SIN

3YC=YC+XR%SIN

3¥Y=Y+YR*CQOS




C-53
PP140' 0203429 LDA @,X 3OUTPUT: XC IN ACO
P0141°0304082 LDA 2,5ve2 3 YC IN ACI
0A142°' 002402 JMP esv3 3 AC2 RESTORED
80143°'0092000 SV2: ")
90144030803 SVI: 0

203145°'a0A377 MASKR: 377
90146°'(000296 C200: 200
22147023200 LBIT: 20000

20150'2Ca7200 XC: Q
23151°'@00023  YC: (%)
@e152'0000090  SIN: (%
2A153°0¢000®» COS: 2
201547000020 SINF: %)
90155'0pRRnd  COSF: 7}
P9156'20C0000 YR: %
921570002000 : %
00163000080 X: 7]
23161000630 IND3: 2
20162°13512p LONG: MOVEL 1.3 3NP*3 FOR LONG BLOCK
P2163'167000 ADD 3,1
NB164°133020 ADD 1.2 SPOINTER TO POINT NP (hn
8R165'035000 LDA 3,8,2 3XR IN AC3
00166°'025a01 LDA 15152 JYR IN ACt
PO167°'000652 JMP DOG
SENTRY POINT IF THIS BLOCK WAS ADDRESSED Oft THE LA
3CALL.
. gA170°054754 PONT2: STA 3,5V3

0171034770 LDA 3,IND3

: Pn172°'330751 LDA 2,5v2

;- BB173°Q00626 JMpP ENTE

. =END




000V0-DADOGO"

2020Q'054424
72261°'023400
23002'p40521
0rNp3*B234n1
20ee4°'0493520
20203S5°0340A1S
0RBV6°' 102400
20007040416

f0B10'0542416
20a11°'331400
20312151005
60213200407
00a14°024411
?0015'%24412
00316'010497
00017234407
009201754020
700221000767
00022° 034402
20023101402
20024000000
72025000009
00026'000800

002227054455
80030024470
00031'021014
A8032°'101005
a3033°0¢2451
P2034°'02190J
2ON35°N240108
03036°107400

<TITL HITS
«ENT <HITS

.
s

3TO SCAN ALL SIDES FOR HIT ON POINT

3

3 JSR BL.HITS

H X

3 Y

H (NC-HIT KETURN)

H

; IN AC2, EDGE # IN ACI

3 (XsY) wllLL BE

3 OF THE CENTRE OfF THE LINE

3 AC3 WILL CONTAIN KRE-ENTRY

3 SCANS

3 IF RE-ENTRY IS

3

3
«EX
W FX
«EX
«EREL

«HITS: HITS
«NREL

HITS: STa 3,>HIT3
LDA €0,0,3
STa s X
LDa €2,1,3
STA asY
LDA 3seMi
Sus 2,0
STa 2,NBB

JBLOCK SCAN==+~=c-cecac-a

BEGIN: STaA 3»HOLD
LDA 2,653
MQV 2,2, SNR
JMP BAD
LDA 1,NBB
JSR SING
1S2 NBB
LDA 3:HOLD
INC 3,3
JMP BEGIN

BAD: LDA 3,HIT3
JMP 2+3

HIT3: (]

NBB: %]

HOLD: %]

3

3INPUT: ACY1 - BLOCK #

3 AC2

3

SING: STA 3,SIN3
STA 1,NB
LDA 9,14,2
MOV 050, SNR
JMP eSIN3
LDA 0,0,2
LDA 15 «MSKR
AND @,1

TD oMl eM25 eM35eMA5eM5, eMbseMT5 MSKR
T +PON1,.PON2,» e PRN1 5 EMPT S e PSIZ5>LENG

OVERWRITTEN

(HIT RETURN WITH BLOCK POINTER
AND BLUCK # IN ACQ)
wITH THE COORDS
THAT wAS HIT
ADDRESS FOR CONTINUED
WITH RETURN TO ORIGINAL CALLING ADDRESS.
MADE TO CCAC3)Y+1,
TAKEN AS THE NEw CALLING ADDRESS.

TD +IACC,.PLTS,.ALPH

- POINTER TO START OF DATA»

INO MORE BLOCKS.

(%5Y)

aC3 «ILL BE
(GET IT?)

EXIT!

GO TO SIDE-~SCAN ROUTINE

3NO-HIT RETURN

BLOCK NB

JZERQ AREA. EXIT!

3 CONTROL wORD

3JNO. OF POINTS

NSLHEN DR TS WL Y

7 a® e et ) el



ol R O . i i

20037044446
ennant 126400
0041044460
QOA42* 060165
BONA3 " *anasy
eetaa et s
eRN450aNaat
Q463444041
P47 ' Nar 444
20250044444
20051030417
a0es2°'Q062163
A0053' 047435
eaas54°'0062115
AON55'4r4a34
BR056° 044434
0aa57'050423
BAR6N°*N34446
200561032421
20062020427
BA063°040430
RRA64A° (20426
20365040427
0BR66° 020422
PON67 040433
00070310431
20071°¢24430
2A072°014413
800730200757
0en74'020412
@0075°N40414
e0076° 020411
00077 Nanal3
09100°'004426
NB121°002403
2410220000292
03103020290
00104°000000
20105'000000
2106°000200
90107°000000
290110°' 009020
20111°000200
29112°062000
00113°000000
02114°0093029
00115°200000
ga1t6'000000
00117002200
00122°'000029
001210000200
80122230070
pO123°020009
23124°300000
00125°'020009
AO126° 054541

00127° 020762
eN130°024763
00131°'122400

BACK:

DOWN:

C-55

sPOINT COUNTER

JCGET LENGTH L THIS SIDE

3GET CGLOBAL CO-OKDS

JCGET LENGTH L
SLENGTH L, SIDE NP

3SEARCH FOR CONTACTS

3NEW BECOMES OLD

5 JUMP OUT IF DONE

JLAST LINE

3SEARCH FOR CONTACTS
BEXIT

LOCAL COS AND SIN GF THIS EDGE

STA 1L,06PNTS
suB 1,1
STA 1,NP
JSR 8.LENG
STA osL
JSR 8 .PONI
STA 2, X0
STA 1,Y0
STA g, XA
STA 1>YA
JMP DOWN
JSR B.LENG
STA 2,11
JSR 8.PON1
STA @, XB
STA 1,YB
STA 2,AC2
JSR PUSH
LDA 2:,AC2
LDA 0, XB
STA G, XA
LDA g,YB
STA 9,YA
LbA 2,L1
STA @2,L
ISE NP
LDA 1,NP
DSZ NPNTS
JMP BACK
LDA Bs, X0
STA 9, XB
LDA 2,Y0
STA 2,YB
JSR PUSH
JMP eSIN3
%]

20000

(5]

2

0

%]

%)

)

4]

2

%]

%]

%]

%]

%]

4]

%}

Q

%]

]

STA 3,SVPJ
LDA 9, XR
LDA 1, XA
SuB 1,0

328~ XA




38132040765
201337131112
201324100400
ae135'030765
CUI3&"126400
e137'142513
COT4R1240M
Pr1al 73101
da1a2'101112
UA143° 125404
aR1A4° 24751
PR145°020745
HAlA6' 24745
e a7 122400
DATEO0ART55
ao1sS1 101112
2015210049
PSP A4R3
f0154'142513
NRISST 124001
AA156°73101
aars7 101112
eA160125409
AR1 6144735

an162°02p741
22163'(124741
ne164'¢34727
Q1651624020
GR166°040477
a3167°034725
OA1LTA 166400
A1T71°QA4475
4MT72°004477

W3173'175112
AP1TA* 1740400
GELTS 240175
BA1T76°166423
2177002479

ARPR3°'Aa30716
aN2a1"a244465
pneRe 102440
eapeat12styo
GO2a'124449
Ae2a5*Nn73301
Cv20s'125112
CEOCTIA1 400
aaerte 101002
Co2lr 100409
QP21 2'002a713
CO213°1°5102
COP1AT1ODAR0
QN215' 115008
W21 6"(A24a447

STA
MOVL. ¥
NEG
LDA
SuB
SuURL#
CcoM
DIV
MOvVL #
InC
STa
LDa
LDA
sus
STA
MOVL #
NEG
suB
SuBL#
coM
DIV
MOVL#
InC
STA
3

©,COSF
Qs2252C
o,¢

2,L

1,1
2:0,5NC
15155KP

B,0,52C
1,1
1,C0S
0:Y8
1,YA
150

B, SINF
0,0,58C
D>

1,1
2,2 SNC
1,15 8KP

@s,0sS2C
121
15SIN

C-56

3CO0S SIGN FLAG

3-VE?

3YES, GET ABS(XB-XA)
sLENGTH OF EDGE

3XD>=L7?
3SET ACY TO 11l1l1eae

SROUND UP IF NECESSaRY

;Y¥YB-YA
3SIN SIGN FLAG
5-VE?

3YD>=L7?
PYES

3ROUND UP

3CET TRANSFORMED CO~QRDS QF X»Y
3COMPUTES: XT=XGxCOSCAY+YG*SINCA)

3
LbA
LDA
LDA
sus
STA
LDA
sus
STa
JSR

we

MOVL#
NEG
LDaA
SUBE
JMP

o

LbA
LDA
SURO
MOVL#
NEGO
MUL
MOVL#
INC
MoV
NEG
LDA
MOVL
NEG
MoV
LDA

s X
1.,Y
3s XA
3,0
0+ X6
3sYA
3,1
1,Y6
YTGET

3,3582C
3,3
lloIACC
351,5NC
eSVP3

2,S1IN
1,YG
2,0
1,1,82C
1,1

1,1,S2C
0,0
0,0,S2C
0,0
1,SINF
1,1,58C
2,0

0,3

1, XG

YT=YG#COSCA)-XG*SINCA)

3GET COORDS OF POINT
JUNDER CONSIDERATION

sREL. TQ EDGE START

3LOCALs TRANSFORMED Y

3ABS YT

sCHECK FOR NORMAL DIST»
SNOT NEARS EXIT!

INOW FOR XT

3SET CARRY IF NEG
JAND MAKE AC! +VE

3JROUND UP
3CARRY?
JRESTORE SIGN
3ISIGN OF SIN

JSHUNT INTO AC3

s m i L B o . - s




e i

e0217°'030676 LDA

AR220' 102440 sSuUgo
90221125112 MOVL#
Q0222124440 NEGO
P00223°'073301 MUL
20224125112 MOVL #
PR225°'101400 INC
80226101092 MOV
90227100400 NEG
P0230°0246617 LLDA
00231125102 MOVL
20232100409 NEG
00233°11700@ ADD
3LOCAL, TRANSFOR
3
PR234'024666 LDA
20235°'020017S LDA
@3236°'1064929 suB
Pe237'166433 SUBZE#
Q0242002427 JMP
AN241°116433 SUBE#
20242 P02425 JMP
3WE HAVE A HIT!
20243°036425 LDA
00244°'020647 LDA
B0245°'024644 LDA
BR246*123220 ADDZR
@Q247°3434029 STA
Q0250°'22Q644 LDA
00251024641 LDA
0252123220 ADDER
290253°943401 STA
0A254° (24645 LDA
00255152520 SUBZL
PO256°146400 SuB
02257'030623 LDA
QN26GH° 020649 LDA
290261°005443 JSR
@N262°' 302405 JMP
P0263°056405 STA
002640302403 JMP
Q0265 V02028  XG: %)
QA266'Q02900@ YG: %}

02267'Q000020@ SVP3: 2
90270°'0090024°* HIT3R: HIT3

3

3TO CALCULATE YT

3 INPUT: YG IN
e0271°'054435 YTGET: STA
0272°A30623 LDA
BA273'102440 suBo
nR274*125112 MOVL#
Q0275124449 NEGO
0e276'973301 MUL
er277°125112 MovL#
2a33a°1@1490 INC
023011021092 MoV
73332140400 NEG
003723°'Q24614 LDA

@203na*125192 MOVL

C-57

2,C0S
2,0
1,1,8£C
151

1,1,SZC

P,9

0,0,52C

0,0

1,COSF

1,1,S2C

2,0

2,3 3ADD TO PREVIOUS RESULT
MED X NOWw IN AC3

1s5L

@,.1ACC

3,1 31.-S

3,12SNC

8SVP3 30FF THE END
0,35,SNC

e@SVpP3 3DITTO

3,8HIT3R

BsXA

1,XB

1,9

9,80,3 3STORE X MID-POINT
2sYA

1,YB

1,0

2,581,3 3STORE Y MID-POINT
1sNP

2,2

21

2,AC2

2,NB

3,3 JHIT EXIT

eSVP3 3 CARRY ON SCAN
3,8HIT3R 3INEW RETURN ADDRESS
esSVvVP3 3CARRY ON

ACH
3,YTSAav
2,C0S8
2,0
1,1,52C
1,1

1,1,5S2C
2,9
@,0,52C
9,0
1,COSF
1,1,82C




00335' 10429
BOA3as" 115000
PR337°(A24a756
ea310° 030606
20311°102442
aa3tzriasiti2
AA313°124447
90314°073321
go315°125112
9a316°101 409
eastrriataae
00320100430
PA32]1 024674
ge3z22°'12s51a2
©2323°'102400
90324116422
0A325°' 0024091
00326°00239092

YTSAV:

NEG
MOV
LDAa
LDA
suso
MOVL #
NEGO
MUL
MOVL#
INC
MoV
NEG
LDA
MOVL
NEG
sus
JMP

<END

0,0

2,3
1,XG

2, SIN
2,09
1s51,82C
1,1

1,1,52C
9,9
@s3,SEC
2,9
12SINF
1,1,82C
0,0

3,3
eYTSAV

C-52

3PARTIAL SUM IN AC3

3SUBTRACT FROUM PREVIQUS RESULT
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«TITL TAPE

CENT s CVL» e CLNC» « RLNC, « WLLNC
«ENT CREADS s WRIT

«EXTD eMEMy o™l s eM7

«EREL

PARRA-0N2ATS LOVL: OVLAY
a1 -009137° LCLNC:  CLINC
POAC2-000142°" LELNC: RLINC
ABAB3~-000145" «WLNC:  WLINC
8oe04-0033t34°* .READ: RDP3
ABPBS-202033" +WRIT: WRIP3

«NREL

3THIS ROUTINE ALLOWS THE USER TO SAVE FILES
3WHILE IN P-3. IT FIRST WRITES (OR READS)
3PAGE ZERO ON THE LINC TAPE (UNIT #1,BLK#150)
3AND THEN WRITES (OR READS) THE LINKED FIELDS
3(BEGINNING AT BLK#151).

@ae0R*'A5S4466 WRTP3: STA 3,RSAVE
POCA1° 176400 sus 3,3
PA022' 054465 STA 3,FLAGF 3SET TO @ FOR WRITE
00223'000434 Jup BEG
0000B4'AS54462 RDP3: STA 3,RSAVE
PAB05°176520 SUBZL 3,3 3
00006054461 sTA 3,FLAGF 3SET TO 1t FOR READ :
PB0AT ' A2@527 BEG: LDA @,DRIVE
P0010°'062974 DOB @,LINC :
POR11'N20454 LDA 05>FBLK
00212'126520 SUBZL 151 3ONE BLK FOR PAGE EZERO
8P013°'1524930 suB 2,2 3START AT LCTN @
PPR14' 034453 LDA 3,FLAGF
20015175034 MOV 353,5E2R
80160073202 JMP READF
P0N17'C0NARG JMP WRITF
00320°' 326032~ READF: JSR @ RLNC
Qe021°125005 MOV 151,5NR 3
20r22°'0r04al1 9 JMP NXT1 a
@eP23'063477 HALT
an024°'300763 JMP BEG
00225'0060833~ WKRITF: JSR €. WLNC
2rY26°125005 MOV 1,1,SNR
P0027'0024923 JupP NXT1
00030° 063077 HALT
80231020756 JMP BEG
4N332°'020504 NXT1: LDA @,DRIVE
P0V33' 062074 pos 0,LINC
P0034' 0240035 LDA 15eM7 3DETERMINE LENGTH OF
ea935'0300025 LDA 2, eM1 JLINKED FIELDS IN USE
0e036° 146420 suR 2,1
80837030425 LDA 2,C400
P0042° 102400 suB 2,9
00041073101 DIV
00042°' 020423 LDA 8, FBLK
200A43°101420 INC 050 3START AT FBLK+1
2AN44° 125470 INC 151 JADD AN EXTRA BLOCK
@2245°' 03720328 LDA 2,5 M1 3START @ LINKED LISTS
202461034421 LDA 3,FLAGF
Q0MA7* 175004 MOV 3,3,82R
00050°' 000402 JmP READG
80a51°' 000406 JMP WRITG
i




pAgs2*0A6R02~
90053'125095
PR054*0N2412
98055063077
00056°'030754
@0357°'3060303~
2076a* 125005
@2361°002405
82062063077
00063000747
00064°003420
00065°'300150
000660000200
00067000000

00070° 00202004
BOO71 020002
00072°'000003
00973'208070°
00074'030326"

Q3075'020441
00076062074
00077°'0340018%
09100°039773
09101'028773
20102142400
02103°121400
00104°'116490
20165°100490
Po1R6°025000
@@1087°'0454009
PA110'101405
20111°000404
20112151400
00113175400
2g114°A00772
29115°156400
02116'033433
@0117°157009
02120°'001 4900
eat21'000122°
e9122°'020412
29123'024412
©0124°152400
20125'a04415
02126°125005
BO127'000377
e0130°063077
00131022495
g0132°c62274
00133000767
AR3134° 208350
©8135'AgA2SS
Q2136°602901
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READG: JSR €.RLNC
MoV 1,1,SNR
JMpP @RSAVE
HALT
JMP NXT1

WRITG: JSR 8. WLNC
MOV 151,3NR
JMP eRSAVE
HALT
JMp NXT1

C400: 4908

FBLK: 150

RSAVE: @

FLAGF: ©

’ -------------------------- LR R R R

3THIS ROUTINE READS OVERLAY NUMBER 1
3FROM TAPE. IT STARTS BY FIRST TRANSFERING
3ITSELF TO A SAFE PLACE IN HIGH CORE.

NUB: %] 3NO NEED TO TRANSFER P-3 R&W
TwO?S 2 3ROUTINES SO START AT NUB
THREE: 3
FIRST: NUB
LAST: Cs8
»
OVLAY: LDA 2,DRIVE
DOB 2,LINC
LDA 3,-.MEM 33 HIGHEST MEMORY LCIN
LDA 2,FIRST
LDA AsLAST
sSuB 2+0 3=0NUMBER OF WQORDS TO BE MOVED
INC 9,9
SuB 2,3 3NEW ADDRESS
NEG 2,9
ROUND: LDaA 1,8,2
STA 1,0,3
INC @,0,5NR
JMP ouT
INC 2,2
INC 3,3
JMP ROUND
oUT: suB 2,3 3=DISTANCE MOVED
LDA 25 SHIFT
ADD 2,3
JMP 8,3 3 60 TO H1-CORE COPY
SHIFT: o+l
LDA 2,BLK1
LDA 1,NBLK1
suB 2,2
JSR RLINC
MOV 151,SNR
JMP 377 3FORTRAN START ADDRESS
HALT JLINC ERROR
LDA 8,DRIVE 3TRY AGAIN (PRESS CONTINUE)
D08 OsLINC
JMP SHIFT+1
BLK1: 350
NBLKY: 55
DRIVE: 1

$NOwW FOLLOWS THE STANDARD LINCTAPE
SUTILITIES.o
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JINPUT: AC@ =FIRST BLOCK

3 ACl1 =NUMBER OF BLOCKS

3 AC2 =FIRST CORE ADDRESS
3

JOUTPUT: AC! =ERROR CODE

3

PB137°(54439 CLINC: STA 3,5AC3
00140°152400 sus 2,2
P@141°'000417 JMP CHKZ
@0142'@54425 RLINC: STA 3,5AC3
P0143°034439 LDA 3,D2R

; 00144°000415 JMP READZ

; 803145°'354422 WLINC: STA 3,SAC3

f 20146°034423 LDA 3,D1w

| BA147°054510 STA 3,DIXX

, 03150' 024591 STA 1,D2XX

i 90151°'050417 STA 2,5AC2
AN152'004423 JSR Do
©0153'024476 RAW: LbA 1,D2XX
00154°122409 suB 1,0
00155°'0308413 LDA 2,5AC2
80156151113 MOVL#  2,2,SNC
00157150200 coM 2,2

i 00163° 034473 CHKEZ: LDA 3,D2C

E 90161°05447@ READZ: STA 3,D2xX

$ 00162'034410 Lba 3,D1IRC
00163°054474 STA 3,D1XX

- P0164'304411 JSR DO
22165'069274 EXIT: NiOC LINC
70166'002401 JMP eSAC3
20167°000000 SACA: e
00170'0008C0 SAC2: 0
22171°'021202 D1w: LbA 2,8,2

3 20172°'000750 DIRC: JMP READ-D1XXs1

~ 20173'132512 D2R: SuBL# 1,2,52C

20174°000000 RETU: 2
60175054777 DO: STA 3,RETU
20176'375474 pIB 3,LINC

f #O177°'175112 MOVL#  3,3,SZC

= 00200' 020446 JMP Ea
20201°'151113 MOVL#  2,2,SNC
20202'000410 Jup FINDF
00203°152000 coM 2,2
00204°176499 FINDR: SUB 3,3
00205°'162000 ADC 3,0
0O206°060374 NI1OP LINC
00207°004467 JSR GETBL
©0210°101401 FINDN: INC 2,0 SKP
00211°200776 JMP o-2
PP212°060174 FINDF: NIOS LINC
P9¥213°004463 JSR GETBL
20214000777 JMP =1
906215'175224 MOVER  3,3,S52ZR
80216°'000766 JMP FINDR
90217'125085 FOUND: MOV 1,15SNR
P0220'002754 JMP e€RETU
202211166000 ADC 3,1
00222°040474 STA 2., TEMPI
0P223°'044474 STA 1,TEMP2
BN224°024476 LDA 1,SI2E

ek il PO M.MMJ




20225147000
€o226'p00a31
ee227 063674
an230°'002777
20231°'063474
en232'00p416
28233°'C6R474
23234'116495
00235'000434
20236324465
en237°'0002493
PR240'034462
00241°'0324463
00242'023454
©0243'cro722
80244°' 024461
20245'020720
80246024460
00247'000716
00250°'060474
00251132512
00252°'041000
002532020402
00254°'061074
00255°'117¢000
89256'151400
00257°'021000
00260°' 063374
00261363674
60262'000777
00263°'063474
00264°'000770
20265075074
80266°'075474
00267175094
00279°000756
00271°132414
092720090746
00273°'020423
00274°024423
082750006713
00276° 054420
00277°034421
20300162432
00301°' 080405
00302°'034417
00303°'162032
09394° 000740
00305'074474
00306063474
00307°'09en777
00310°063774
Pa311°A002774
00312°974474
0@313°116543
00314°010402
90315'002401
00316°000030
©0317°000000
09320°'177770

READ:

RCHK:

Et:

E2:

E3:

Eq:

RDAT:
Da2XX:

bacC:
ViDAT:
BLOOP

DiIXX:

WCHK:

SCHK:

NEXT:

GETBL

WAIT:

TEMP1
TEMP2:
MLIM:

ADD
JMP
SKPDN
JMP
SKPBN
JMp
DIA
suB
JMP
LDA
JMP
LDA
LDA
LDA
JMP
LDA
JMP
LDA
JMP
DIA
SuUsL#
STA
JMpP
DoA
ADD
INC
LDA
DOC
SKPDN
JMP
SKPBN
JMP
DoA
DIB
Mov
JMP
suB#
JMP
LDA
LDA
JMP
STA
LDA
SUBZ#
JMP
LDA
ADCZ#
JMpP
D1A
SKPBN
JMpP
SKPDZ
JMP
DIA
SusoL
I1s2
JMP

%]

0
177770

C-62

2,1
D1XX
LINC
o‘l
LINC
RDAT
@>LINC
053, SNR
SCHK
1,C1
«+3
3,S1ZE
1,C2

2, TEMPI
EXIT
1,C4
EXIT
1,C8
EXIT
@,LINC
1s2552C
0,0,2
«+2
@sLINC
2,3

2,2
0,052
@,LINC
LINC
=1
LINC
WDAT
3,LINC
3,LINC
3,3,SER
E4
1,2,SZR
E2
8,TEMP1
1,TEMP2
F INDN
3,TEMP1
3,MLIM
3,0,S2C
WAlIT
3,PLIM
3,0,S2C
E3
3s>LINC
LINC
WAIT
LINC
WAIT-1
3sLINC
82,3, SNC
TEMP]
eTEMPI1




00321007620
00322001409
00323°'0002301
02324°'0020082
00325°'000204
00326°0009310

PLIM:
SIZE:
Ctl:
ce:
ca:
c8:

620
450

19
«END

C-63




20020-0303005
00021 -000000°
goev2-000as2"
PRR23-000272°
20004-000164°
90005-003331"°
002R6-00R655"
00007-002262"°
0@010-000067"
9e011-000101"
gool12-000126°
08313-000151
9C014-000421"°
00Q215-399563"°
P0a16-000572°
P01 7-000570"
Q00020-030640 "
080321-000003

00900 ° 023400
0031 '043445
029020223401
0A2a3° 40444
03004054444
2009° 102400
@2PA6° 042443
0P007 349018
030100314720
29A11°151805
Pan12'222432
epa13°a21014
23314°1210085
20915°'000424
80016221001
eAB17°' 024427
22028122409
gan2t*101112
PAR22'103400
POP23°'024900=~
2APA24° 106512
QAA25°'AN04l 4
20026°'¢21003

#TITL
«ENT
«ENT
oENT
+EXTD
«ZREL
«1ACC: 5
«HITC: HITC
«PRN1: PRNI
«PRN2¢ PRN2
«IPRNet TART
«MESS: MESS
+wWORD: WORD
«ALPH: ALPHA
«PAGE: PAGE
<LENG: LENG
«TYP: TYPE
«SCAL: SCAL
+AXIS: AXIS
«GETT: GET
«DBIN: DBIN
«DB0: DB9
«CHEK?® CHEK
+VFAC: 3
«NREL

3

UTIL
3SEVERAL UTILITY PROGRAMS
«HITC»«IACC,» « PRN1, «PAGE, «LENGs « SCAL
eVFAC» « IPRN,» « PRN2s e MESS, s ALFH, « TYP
eAX1S,GETT»+DBINs « CHEK, e WORD» «DB2
eMiseDISS,«LPAP, QMSKR..FLTS

3JROUTINE TO FIND WHICH BLOCK HAS CENTROIb

3CORRESPONDING TO GIVEN X,Y CO-ORDINATE

3

JSR €
X

Y

T e W e % e e e

LDA
STA
LDA
STA
STA
suB
STA
LDA
LDA
MoV
JMP
LpA
MOV
JMP
LDA
LDA
SuB
MovL#
NEG
LDA
SURL#
JMP
LDA

LOOP:

«HITC

(ADDRESS OF INPUT X)
(ADDRESS OF INPUT Y)

0,80,3
BsX
Ps,01,3
@sY
3,SVK3
9,0
@sNB

3) cM‘
2,03,3
2,255NR
NOHIT
ds14,2
0>0,SNR
NEXT
@s1,2
1,X

1,0
2,8,52C
0,0
1,¢IACC
B»15S2C
NEXT
2,3,2

(RETURN HERE IF NO HIT)
(RETURN HERE WITH POINTER TO BLOCK
IN AC2 1F SUCCESSFUL.,

AND NB IN AC1)

SLAST BLOCK

$ZERO AREA
3XC

FABS(XC-X)

JNOT THIS BLOCK
e

C-64




00027°'0224420
09830122409
02031'101112
02032100429
B0033'024009~
02@34°106512
@0035°'0304024
009236034412
008337'024412
00048°'001403
03041°'175400
PR242°0104937
22043°002745
80244 Q34404
03045'001492
00046'000000
000470000920
000500080000
892051600000

00052°040407
P@053°'021400
20854°N63511
00855'002777
880356261111
20Q57°'020492
‘ 22060 0A1 491
1 ©8@61°'000000

20062°054404
- 00063°004767
‘ 90064°' 002037
: 20065° 002401
00066' 000020

P00A67'054419
feN79°A04762
e9071°'00@033
09072°004769
0BA73°0030014
0AN74°102490
00075°040003S
3 0N076°002401
92077000000
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LDA 1,Y
sus 1,0
MOVL# B,0,52C
NEG 0,0 3ABS(YC-Y)
LDA 1,.IACC
SuBL# 0,1,SEC
JMP NEXT
LDA 3,SVH3 3$MUST BE HIT
LDA 1,NB
JMP 353 3G00D EXIT
NEXT: INC 3,3
I1S2 NB
JMP LOOP
NOHIT: LDA 35SVH3
JMP 2,3 3JBAD EXIT
xe %)
Y %]
SVH3: Q
NB: %]
3
3TO OUTPUT A SINGLE CHARACTER, WAITING
JUNTIL THE TTY IS FREE.
3
3 JSR @.PRN1
3 N (N 1S THE CHARACTER TO BE
3 PRINTED (NOT ADDRESS))
3 CACCUMULATORS ARE SAVED)
r
PRN1 ¢ STA 2,ACBSV
LDA 2,3,3
PRH: SKPBZ TTO
JMP =1
D0AS 0,TTO
LDA 8,ACASV
JMP 1,3
ACOSV: o
3
3TO SET TEKTRONIX TO ALPHA MODE
3 JSR €.ALPH
3
ALPHA: STA 3,AS8AV
JSR PRN1
317
JMP fASAV
ASAV: %}

3
3TO .ERASE SCREEN
3

3 JSR @.PAGE
3
PAGE S5Ta 3,SVP3
JSR PRN1
33
JSR PRN1
14
suB 2,0 3 SUPPRESS HARD-COPY
STA 0s.LPAP 31L0aD PLOTTING
JMP eSVP3
SVP3: 5}

H




P0BA2S

0ce026

000027
oB1A0*aA77T717
8101054776
00102321090
201083034420
po1DaY 117414
@0105°'32e4a07
. PP106°135123
i Qo107'157200
: 00110221426
P0111°@34767
88112163400
80113°002764
PA114°135120
00115°'137000
PB116°157000
88117°021427
) 00120'034740
b . 80121163490
] PR122°'062755
20123°020000

00124°'170000
0012500809002
00126°054777
@al1271'902109@
29130°034773
99131'117414
90132'90209405
92133'135120
© '34°157000

35021426

36'000405

37°135120
0148137000
23141157000
02142°'021427
P0143°Q34761
00144°163700
09145°1023120
B0146°103129
90147°1013929
909150°'022755
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3ROUTINE TO RETURN LENGTHs L OF SIDE NP
3 JSR @.LENG

3

3 INPUT: ACIL = SIDE & (NF)

3 AC2 - POINTER TO PLOCA DATA

3 OUTPUT: ACO = LENGTH L

3

START=25 5POINT DATA STARTS AT 258D WURD
SS=START+1

SL=START+2

TM5K: 1777 3TO REMOVE TypE #

LENG? STA 3,SVP3

LDA 0,3,2 3CONTROL wOKD

LDA 3,LBIT

AND# B5>3,52R 3LONG BLOCK?

JMP LONG JYES

MOVZEL 1,3 sNP*2

ADD 253

LDA 0»5S»3 FCGET L

LDA 3, TMSK

AND 3,0

JMP eSVP3 SEXIT WITH L It ACO
LONG: MOVZL 1,3

ADD 1,3 SNP%3

ADD 2,3

LDA @s>5L,3

LDA 3,TMSK

AND 3,9

JMP 8SVP3 JEXIT

LBIT: 20000

3

3ROUTINE TO RETURN SURFACE TYPE #
3JFOR A GIVEN EDGE

3 JSR e.TYP

3INPUT: AC2 = DATA POINTER FOR GIVEN BLOCK
3 ACl1 = EDGE # (nP)

3OUTPUT: ACO = TYPE #

3 ACt AND AC2 ARE PRESERVED

3
LMSK: 179000 3FOR MASKING OUT LENGTH PART
TSAavV: 4]

TYPE: STA 3,T5aV
LpA @,B.,2 3CONTROL WD
LpA 3,L8IT
AND# 0s3,SZR
JMP LONG)
MOVZL 1,3
ADD 2,3
LDA 2+5S5,3
JMP NOSE
LONGl: MOVEZEL 1,3
ADD 1,3
ADD 2,3
LDA 2,SLs3
NOSE: Lpa 3,LMSK
ANDS 3,9

ADDZL 0,0
ADDZL 0,9
MOVS 2,9
JHP eTsSAvV

TR




215130021~
03152102400
00153'044410
80154125112
CA155 124409
7156073101
00157°a30404
aa160* 151112
AO161 124400
ea162°'C01400
©80163°000020

00164°031420
eg165°101112
PA166"100400
@3167°'175400
00170054524
ea1r71*151112
00172150401
90173126401

P0174'126520
Q0175'044520
20176'050520
09A177°034475
90290°054517
00201°934502
00282°054516
009203°0345087
00204°054414
00205°152400
20206036511
PP207°0213510
00210°175005
00211°090416
80212126409
00213162422
20214125491

AM215'163031
00216°A0BTTS
#0217°046501

002208125015
83221020404
90222°034471

00N223°@54775
00224°151409
99225°'310473
0226000760

3
3VECTOR SCALING ROUTINE

SCaL: LDa 21 VFAC
suUB 050
STA 1,AC1
MOVL # 1,1,52C
NEG 151
DIV
LDA 2,AC1
MOVL# 2,2,SEC
NEC 1,1
JMP @,3
ACt: 5]

- waemx e

C-67

»
JROUTINE TO PRINT A RIGHT-JUSTIFIED INTEGER

3IN A GIVEN
3JOR WITHOULT

FIELD LENTH,

WITH LEADING ZzEROS

NOT ADDRESS)

WHERE N IS FIELD LENGTH (ZEROS PRINTED

THE NUMBER TO BE PRINTED IS5 IN AC@

3STORE ZERO/BLANK FLAG
SFIELD LENGTH

3COUNT NON-ZERO DIGITS

3

3 JSR @.1PRN

3 -) N (VALUE»

3

H

3 IF NEGATIVE.

3

3

TART: LDA 2,0,3
MOVL# Q50,SEC
NEG 2,93
INC 3,3
STA 3,5AV3
MOVL# 21,2,SZC
NEG 25,2, SKP
SuB 1,1,5KP
SUBEL 151
STA 1,FLAG
STA 2,FIELD
LDA 3,TENS
STA 3,POINT
LDA 3,HOLD
STA 3,PPNT
LDA 3,J0OLD
STA 3, MM
sus 2,2

BIG: LDA 3>8POINT
1S2 POINT
MOV 3535SNR
JMP END
SuB 1,1

SMALL s SUBZ 3,0,S52C
INC 1,1,SKP
ADD 3,0,SKP
JMP SMALL
STA 1,8PPNT

MM 2 MoV# 1,15SNR
JMP FRED
LDA 3 JINEW
STA 3sMM
INC 2,2

FRED: 1S2 PPNT
JMP B1G



80227°'034467
20232°151005
00231'151400
00232°'050467
80233°156423
20234°'002427
00235°170485
90236°000410
$0237°'824456
00240'020463
80241125005
00242°020462
[ 00243°006003-
E P0244°'151404
i 00245°'003776
00246' (230443
00247°'024452
P@250°132400
00251124405
20252°' 002442
; 00253°0210060
s 00254034447
89255163000
00256° 006003~
| 206257151400
- 80260°125404
00261000772
@0262°002432
00263°' 020437
PB264°'006003~
90265°014431
806266'300776
@3267'0082425

a 90273°N63511
20271000777
2272061111
909273°'0014029

090012
b 00274°'000275"
’ 80275'023420
20276°001759
00277°000144
00330°'0000t2
b 23301°'000021
93302°'0203000
P02303°'Ne2304"
008095
802010
90311°0020311°
20312°'125015
09313°'000404
80314'020000
00315'00020292
00316000000

END:

DIGIT:

LOOPL 2

ASTER:
NIT:

3

C-68

LDA J,FIELD

MOV 2525 SNR

INC 2,2

STA 2,SAV2

sSuBz 2»3,SNC

JMP ASTER JFIELD TOO SMALL
NEG 3,2,5NR

JMP DIGIT 3NO ZEROS

LDA 1,FLAG

LDA @s,ZERO

MOV 1512SNR

LDA B, BLANK

JSR @+.PRN2 3SEND OUT LEADING
INC 2,2,5ZR 3ZER0S OR BLANKS
JMP -2

LDA 2,B0T

LDA 1,5AvV2

SuUB 1,2

NEG 1,1,SNR

JMP 8SAV3 SNOTHING TO PRINT
LDA 0,0,2

LDA 3,ZERO

ADD 3,9

JSR @.PRN2 3SEND OUT DIGIT
INC 2,2

INC 1,1,SZR

JMP LOOPI1

JMP 8SAV3 JEXIT

LDA @>AST 3SEND OUT ASTERISKS
JSR € +PRN2

pSZ FIELD

JMP NI1T

JMP 8SAV3

3ROUTINE TO PRINT OUT SINGLE CHARACTER

3
3INPUT:
3

PRN2:

3

TENS:

HOLD:

BOT:
JOLD:
JNEW?S
SAV3:
FLAG:
FIELD:

JSR e.PRN2
CHARACTER IN ACO

SKPBZ TTO
JMP --l
DOAS g,TTO
JMP 9,3

«RDX 10
o+l

10000

1800

1890

10

1

0

e+l

«BLK 5
+RDX 8
MOovV# 1,1,5NR
JMP ot+q
%

%]

7}

o M i e S - it 1y <




- C-69

@a317'00023a49 POINT: 0
303320320008  PPNT: e
20321'000N00O  SAv2: 15}
PR322'Q0AAS2 AST: "k

P i+ il i

e0n323°'000060 ZERO: ]
20324'00Q0040 BLANK: ™
H
3TO PRINT MESSAGE ON SCREEN AT
3A SPECIFIC LOCATION
3
¢ H JSR @.MESS
3 TEXT (ADDRESS OF TEXT)
iB 3 (-) X (X,Y LOCATION OF MESSAGE
lJ H Y START (VALUES, NOT
3 3 ADDRESSES). NEGATIVE X DRAWS
3 A LINE UNDER TEXT)

e

00325'000000 FLAGl: @
00326 °2N0000 MSAV: %
00327000000 BPNT: (%)
00330'9000¢9 COUNT: @

P0331°021400 MESS: LDA 0,08,3
PE332'101120 MOVEL 0,0 3CREATE BYTE POINTER
g 3@333'034a774 STA 0,BPNT
PB334°'(21491 LDA @,1,3 31X
20335101112 MOVL# 0,9,5zC
B 00336'120401 NEG P,05SKP
* 20337126401 SUB 1+1,5KP
E 90349126520 SUBEL 1,51
. 0@341'044764 STA 1,FLAG]
90342°'025402 LDA 1,2,3 3Y
20343°'054763 STA 3,M5aV
20344° 040451 STA P,XSAV FREMEMBER X & Y FOR
¥0345' 044451 STA 1,YSAV  LATER PLOTTING OF LILE
003460060053 JSR 8.PLTS SINITIALISE BEAH
28347000000 e 3BEAM OFF
, ea350°'0060307~ JSR 8.ALPH
B 903511024040 suB 0,0
E 09352'349756 STa 0,COUNT
; SROUTINE TO PICK BYTES UNTIL ZERO BYTE FOUND
4 P0353°'030754 PICK: LDA 2,BPNT
3 P0354'010753 152 BPNT
o 80355'151220 MOVZER 2,2
: 90356°'221000 LDA 0,92,2
3 9@357°'A30704S LDA 2, «MSKR
g Pe3690'131 232 MOV 0,7,S2C
00361'101390 MOVS 2,0
PA362'143495 AND 2505 SNR
PB363°PRRAN4 JMP RET
-3 PD364°010744 187 COUNT
' P0365' 006073~ JSR €.PRN2 $SEND QUT CHARACTER
L @8366°'000765 JMP PICK
2A367°'020736 RET: LDA B,FLAGI
6a37a°101025 MOV 2505 SR
©0371°'002422 JupP PAST
v 3TO PLOT LINE UNDER TEXT
- 00372024424 LDA 1,YSAV
ko 00373020422 LDA @,GAP
- & PA374'106400 SUB 0,1

1

2A375°' Q44421 STA 1> YSAV




i
i - C-70
i P0376°' 020417 LDA 35> XSAV
3 AB3770060.53 JSR 8.FLTS 3FIRST END OF LINE
Q @040 A0cure )
! 60401 '102400 suB 2,0
i PRAN2° (24416 LDA {sN14
A04R3' 230725 LDA 2,COUNT
204641073301 MUL
APaRs5' 023410 LDA 0, XSAV
22486123000 ADD 1,0
0RP4a0T'@24407 LDA 1,YSAV
BEA18°006075S JSR @.PLTS 3SECOND END
20411609901 1
00412°' 206007~ JSK €.ALPH
90413'034713 PAST: LDA 3,MSavV
80414'001403 JMP 3,3 SEXIT
P7415°'000006G XSAV: )
1 00416'G20093 YSAV: )
4 @0417°000003 GAP: 3 3GAP BETWEEN TEXT AND LINE

00420°000216 Nl14: 16 JWIDTH OF ONE LETTER

3TO DRAW A SCALE WITH 10 TICK MARKS,
JEITHER HORIZ. OR VERT.» WITH THE
3MARKS ABOVE OR BELOW AXIS.

3

Y

JSR @.AXIS
(-) L (LENGTH)
(=) X (STARTING X

AND Y CO-ORD)

(ALL ARGUMENTS ARE VALUES, NOT
ADDRESSES)

e W N Ve e W W

3J1IF L HAS - SIGN, AXIS WILL BE PARALLEL
3TO Y AX1Ss OTHERWISE PARALLEL TO X AXIS
3

3IF X HAS - SIGN, TICKS WILL BE BELOW
3AXIS, OTHERWISE ABOVE

3

03421°'054521 AXIS: STA 3,TTSAV
00422°'021409 L.DA 0,953
82423°101112 MOVL # @s08,SEC
272424°'100491 NEG 8,0, SKP
00425126401 SuUB 151,SKP
82426°126520 SUBZL 1,1
0R427°044517 STA 1,FLOG 3X/Y FLAG
1P430'020505 STA a,L
23431021401 LDA 6,153

’ 00432°'101113 MOVL# 0,05SNC
@0433°'000 425 JMP ABOVE
8r4a34°1004C0 NEG 2,0
00435°'024512 LDA 1,TICB
00A36°NA4455 STA 1 »REPL
QA437°'00%423 JMp GETY
0Q440° 324510 ABCVE: LDA 1,TICA
03441 '044452 STA 1,REPL
03442°'049474 GETY: STa 0 XN
004431025422 LDA 1,2,3
02444°044473 STA 1, YN
PB445'030470 LDA 2,L

: 0B446°151220 MOVZER 2,2
, Q3447°151220 MOVER 2,2




0@a50*15122¢ MOVER

fa4as115122p MOVER
€0452°151220 MOVER
BBA53'N50465 STa
02454147009 ADD
0R24a55'004474 JSR
0345600000 9
00457° 0203457 LDA
D2460°' 024457 LDA
00461°'°004470 JSR
03462°AC00021 1
P0463'020453 LDA
08454024453 LDA
23465332450 LDA
PA466° 143090 ADD
00467 °004462 JSR
P3470°' 000901 1
00471 '028445 LDA
PBA72° 024445 LDA
BB8473°9330442 LDA
8347411423200 ADD
00475030443 LDA
00476147000 ADD
02477'004452 JSR
00500'020001 1
nB501 102400 Sug
0908502 °024433 LDA
@2593'030440 LDA
20504°'052440 STA
28505151460 INC
00506'973101 DIV
00507044436 STA
PBS10° 020430 LDA
0A511"101220 MOVER
09512024425 LDA
20513°'187008 REPL: ADD
8a514* 044425 STA
00515°024422 TEA: LDA
00516'020429 LDA
90517°030426 LDA
285201439200 ADD
20521940415 STA
00522°¢0Q4427 JSR
08523'000020 0
90524 p20412 LDA
00525'02441 4 LDA
Pa526°004423 JSR
08527°'000001 1
9A532°314a414 DSz
00S31°'009764 JMP
08532°'006007~ JSR
00533°'034407 LDA
00534°'001493 JMP

00535°A00009 L:
30336000000 XN:
906S37°'0000086 YN:
9A540°'2000a0 Lt
90541°000000 YN1:
00542°000000 TTSAV:
00543°'009011 NINE:

—-DIVODD

-

e i R e S T T R S SRR

2,2 C-71
2.2

2,2

2sL1

2,51

PLOT

@ XN
1,YN
PLOT

05, XN
1>YN
2,4
2,9
PLOT

B, XN
1,YN
254
2,0
2,01
2,1
PLOT

2,0
1.,L
2/NINE
2,TCNT
2,2

1,DIVIS

2,11

2,9

1,YN

3,1 3THIS WORD CAN BE CHANGED
1,YN1

1,YN 3TO PLOT TICKS ON AXIS
@, XN

2,DIVIS

2,0

Bs XN

PLOT

B, XN
1,YN]
PLOT

TCNT
TEA
8.ALPH
3,TTSAV
3,3




BY544°'020003
@e545'goa0ae
R2546°¢20¢1A
PA547°1C6400
PO550"107000
9551 °'A31715
@2e552'151905
@7553'a0%404
PP554° 111000
gN555*121200
@A556°145099
@8557'002005%

RS6A°R63610
3561002777
B2562°'060510
a09563° 1213343
BOS64'101120
Ra565'101220
00566101390
ea567'901 400

235797154443
80571'0032403
0e572'054441
2e573' 306015~
00n574°126400
PO575°'044437
00S576°'244437
PASTT7°324437
Q0600° 106405
0e601 ' 0CA405
90602'024435
Q@A603'1 036404
PR604° 004N
PP605° 010427
Q0606 NN6AN3~
eA6AT*OR6MA15=-
aA619°00360733~
0c511 086020~
(N612°000405
CH613'A24422
PUs14 104411
CA615' 344420
AAsLI5"N02771
BI6177024416
90620125129
epre”1'A14413
Qre02°125221
0J623'124640

TCNT: %}

DIVIS: @

FLOG: 1]

TIiCB: suB D,

TICA: ADD 2,1

PLOT: LDA 2,FLOG
MOV 2,253NR 53X OR Y AXIS?
JMP JOE
MOV 2,2
MOV 1,0
MOV 251

JOE @ JMP @.PLTS

3
3TO GET A TTY CHARACTER
3 JSR e.GETT
30UTPUT: CHARACTER IN ACQ
3
GET: SKPDN TTI
JMP o~1
DIAS 9.TTI
MOVS 2,9
MOVEL 2,0
MOVZR 2,0
MOVS 8.0
JMP 2,3
3
3
JDECIMAL TO BINARY ROUTINE CALMOST
JIDENTICAL TO DATA GENERAL'S)

3 JSR @.DBIN
30UTPUT: # IN AC!
3
DB@: STA 3,DBSAV
JMP DB1
DBIN: STA 3,DBSsAV
JSR 8.GETT
DBI suB 1,1 SENTRY WITH FIRST
STA 1,EC10 3CHARACTER IN ACO
STA 1,EC11
LDA 1,EC20
suB B,1,5NR
JMP EC96
LDA 1,EC21
suB Bs1,SZR
JMP EC98
152 EC109
EC96: JSR @.PRN2
EC97: JSR @.GETT
EC98g: JSR 8.PRN2
JSR 8 .CHEK
JMP EC9S
LDA 1,EC11
JSR EC50
STA 1-,ECHY
JMP EC97
EC9S: LDA 1,EC11
MOVEL 1s1
DS# EC10

MOVER 15128KP
NEGOR 1,1

c-72

e en e b e e it e 032




03624'13024087
99625'131129
20626°151120
03627147000
PR630°125129
BO631°1070¢A
P2632'0014720
20633°'3040022
PB634°'NCLARCA
08635° 000220
0063600053
B8637°'008055

00640'024412
0P641°123420
00642024412
90643°122a32
@0644°001400
PR645° 024406
2R646°'106032
00647001 400
006508° 122400
00651°'001491
00652099177
8Q653'308360
8@654° 300071

005655°' 031400
@A656'175440Q
20657'0354446
0R668°151120
0Q661°'Q53445
00662°'030445
00663°'050445
PB664°038442
00665210441
BB666° 0324436
00667106415
002679°'000al 6
02671155220
02672°'031400

JMP eDBSAV

ECSA:  MOVEL 1,2 C-73
MOVZL 2,2
ADD 2,1
MOVEL 1,1
ADD 251
JMP @53

DBSAV: @

EC1@: @

ECl11: @

EC2Q: e

EC21: "=

3
3TO CHECK IF ASCII BYTE IS A DIGIT
3% REDUCE IT TO BINARY IF IT IS

3 JSR @.CHEX
3 -~ RETURNS HERE IF NOT DIGIT -~
j - " ” (1] Is L) -
3INPUT: ACO
30UTPUT: ACQ
$DESTROYED: AC!
3
CHEK: LDA 1 ,MS5K1
AND 1,9
LDA 1sN9
ADCZE# 159,SEC
JMP 0,3
LDA 1,N@
ADCZE# 2,1,52C
JMP 8,3
SuUB 1,9
JHP 1,3
MSK1: 177
ND: "o
N9 "9

3

SROUTINE TO GET AN ALPHANUMERIC STRING FROM
3KEYBOARD AND STORE IT IN BYTE FORMAT WITH
3A TERMINATING ZERO BYTE

3

3 JSR e@.WORD

3 ADDR (ADDRESS TO PUT STRING)

H

JINPUT: FIRST CHARACTER IN ACO

3ALL ACCUMULATORS ARE LOST

J

WORD: LDA 2,0,3 3ADDR TO PUT STRING
INC 3,3
STA 3,W0SAV
MOVEL 2,2 3BYTE POINTER
STA 2,TwP
LDA 2,MAXCS
STA 2,TRAP
MIKE: LDA 2,TwWP
I1SZ TviP
LDA 1,CR
SuB# 0,1,5NR
JMP ENDI
MOVZR 2,3
LDA 2,0,3 30LD WORD




00673°'€C24436
20674151002
20675°1513¢A
ABKT76" 1334000
P@677°113220
ga7e9°151¢02
Pe701°151302
89702°051403
PO703°'014425
PR734°0A3415
P07@5°03n421
2706155220
Q0727031400
pR710*151002
098711°002424
00712'152400
Q@713°251400
80714°002411
PR715°'024304S
0716133400
2R717°'051400
8Qa720°'A02485
60721'006015~
20722006003~
20723'000741
@0724°'002015
00725'000039
90726°'000000
00727°000020
0@738°000200
00731177400

END1Y:

LLEFT:

MARK

CRz:
WOSAV:
TP
MAXCS:
TRAP:
MSKL:®

LDA
MOV
MOVS
AND
ADD
MOV
MOVS
STA
D52
JMP
LDA
MOVER
LDA
MOV
JMP
SuB
STA
JMP
LDA
AND
STA
JMP
JSR
JSR
JMP
15

0

2

20

0
177400
+END

1,MSKL
252,82C
2,2

1,2

2,2
222, 5%C
2,2
2,053
TRAF
MARK
25TwP
25,3
2,0,3
2s,2,52C
LEFT
2,2
2,853
ewdSAvV
1, «MSKR
1,2
2,085,3
ewpsav
@.GETT
@ . PRN2
MIKE

JLeHo»

3WHICH BYTE?

JNEW BYTE

3 SWAP BACK
3 PUT BACK

3PUT @ IN LAST BYTE

MASK




00000-3042020°

233029354526
003001'0490526
PB0B2'0G44526
09003354526
200040060073
020A5°006945S
000A6°ARN1S55"
00007177324
00218'001130

PPB11°'00600SS
ppo12'pEo172"
200123°¢09113
00014°900702
80215'0086003S
00016°040514
00917824514
20023106415
00921 °'000411
99022°'024512
00023106415
00024°'2030406
00R25'0B60A5S
00026°000227"°
00027°802310
00Q30'000651
00@331°200764
0P032°006006S
90033'152400
P0934°'050504
08035°' 024476
8@@36°106415
@2037°'000403
00040°'15252¢
80041°050477

P0MA42°'006805S
0P243°'000237"
00a44°'090226
00045°'202567
P0046°0060R4S
P2Q47°'044472

C-75
«TITL LOADS
«ENT s HEAVY
«EXTD oMU, «M15 «GETT,»-DBINS «MESS
+EXTD « PRIN2 5 « PAGE
«EXTN CCNTR
«ZREL
«HEAVY: LOADS
oNREL

}

3 ROUTINE TO MULTIPLY OR DIVIDE ALL BLGCK
3 WEIGHTS (AREAS) BY A CONSTANT
H
L

0aDS:  STA 3,RTRN 3 SAVE ALL AC'S

S5Ta @,ZER

STA 1,0NE

STA 2,TwW0

JSR e8.PAGE

JSR 8 .MESS

MSe2

~300.

608 .

CHECK FOR MULT 7/ DIV

e

JSR 8 .MESS
MSQ4
TS
45Q.
OVR:® JSR e.GETT
STA B,DI1G JSTORE M OR D
LDA 1,MM
SUB# B515SNR 315 IT M ?
JMP ouT
LDA 1,DD 3 IS ITD
sSuB# Ps1s,SNR
JMP ouT
JSR @ +MESS
MSB5
200.
425'
JMP OVR
QUT: JSR 2. PRN2
sSus 2,2
STA 2,WHER
LDA 1.,MM
SuUB# @, 1,SNR
JMP PAST
SUBZL 2,2
STA 2>WHER
3
H GET CONSTANT
3
PAST: JSR e.MESS
MS@6
150.
375.
JSR @.DBIN
STA 1,CNST 3STORE CONSTANT

3 HERE WE GO !




C-76 |

3
0PR50°' 1340028 LDA 3,.M1  3GET 1ST BLOCK POINTER !
00051054464 STA 3,BLK P
03052'0242315$ LDA 1,.NUM 3GET NO. OF BLOCKS P
PO053' 044463 STA 1,CNT !
@A0S4'G31400 OVR2:  LDA 2,6,3
P0055°'@50462 STA 2,TEMP JSAVE FOR LATER
000856°' 021014 LDA @,14,2 FGET AREA
@2057°10100a5 MOV 8,8,SNR $SKIP ERASED BLOCK
?0060° 002425 JMP TRAP
000611024457 LDA 1,WHER
08062°125004 MOV 1,1,SER SIF NOT @ DIVIDE
00063'000412 JMP DIVD
@C264° 111089 MULT: MOV 2,2
000565102400 SuB 2,0
P0066°' 024453 LDA 1,CNST
00067 '273301 MUL
00070°' 030447 LDA 2,TEMP
00071045014 STA 1,14,2 3STQRE NEW 'AREA"
08072°125132 MOVEL# 1,1,SEC 3TEST FOR >77777
90073°' 000426 JMP FAIL
80074° 000411 JMP TRAP
pOA7S' 105008 DIVD: MOV 251 3AREA IN AC1
- 900876102400 sUB 6,0 SCLEAR HI PART
08077'030442 LDA 2,CNST
. 201090°'132432 SUBZ#  1,2,SEC 3 DIV TEST
90101 °000420 JMP FAIL
@0102°'073181 DIV
@0103° 030434 LDA 2,TEMP
00104°045014 STA 1,142
80105°019430 TRAP:  ISE BLK
001036' 834427 LDA 3,BLK
. 90107'014427 DSZ CNT
00110' 000744 JMP OVR2 3DO NEXT BLOCK
@0111°'0820416 LDA 0, 2ER
80112024416 LDA 1,0NE
00113'030416 LDA 2,TW0
90114'0060055 JSR @ .MESS
00115900252 MS@9
98116°177160 -409. ,
00117000372 250. i
00120002422 JMP €CON
20121°006005S FAIL:  JSR e .MESS
‘ 00122°'000143° MS@8
#0123°177470 -200.
80124°'000310 200.
00125°002415 JMP eCON
6A126°000098 RTRN: 0
2A127°002AA0 ZER: )
£0130'000280 ONE: )
PA131'06002@0 TwWO: )
00132'000000 DIG: )
0u133°A00115 tM: "M
66134000104 DD: "D

ea135°'Cennen  BLK: %
2213600000 CNT: %)
ea137'000000  TEMPE %
0901490000 WHFR: (5}
P0141°'0000A0 CNST: %)

CONTR

@a142°17777T CON:




00143'042506
0O1442'046111
00145°'042105
00146°051454
e@147'049524
ea1s0°ns52122
PO151°040440
ga152°'@2a124
00153°'026520
00154'003061
PR155'0461e2
P0156°'0241517
80157°020113
ge163°042527
@0161'043511
@0162°'052110
00163°046440
001647042117
P0165°043111
PB166°0241511
00167'052101}
99170°047511
Qo171'9090116
0P172'047504
00173°054440
@0174°0352517
20175°053440
PA176'051511
00177'020119
002e0°'P4a7524
00201'046440
092027046125
00203°044524
00204°'046120
@0205°0220131
00206°'046450
20207 '020051
90210°051117
00211°042340
98212053111
90213042111
008214'028105
00215'342059
008216'02005!
00217044124
0g220°'02021085
@0221°'042527
8@222'943511
00223°952110
9n224°'020123
pa225°'p20@77
00226°'000000
0@227°052515
00230°'052123
00231°'941049
90232°'0201085
©0233°'020115
002347051117
32235'042040

3
MS98: » TXT *FA
IL
ED
»S
TA
RT
A
T
P-
1%
MsSe2: «TXT *BL
oC
K
WE
1G
HT

N*
MS@a: « TXT *DO
Y
ou
W
1S
H
70
™M
UL
TI
PL
Y
M
)
OR
D
1V
ib
E
(D
)
TH
E
WE
16
HT
5
?
*
MS@5: « TXT *MU
ST
B
E
4
OR
D

c-77




g

28236002040
00237°'044127
NB240°052101
00241044440
Qg242°'¢20123
60243'N44124
90244'9y20105
802245°'040506
8@246'052103
20247051117
00250°037440
202510030040
P0252'047503
003253'9592115
00254042514
22255042529
B0256'026104
0A257°'053440
00260'044501
00261°044524
00262'043516
00263°'040040
00264'041440
PB265°'047117
008266'851124
00267 °'007A380

*
MSY6:
AT
1
S
TH
£
FA
CT
OR
?
*
MS@9:
MpP
LE
TE
D»
W
Al
TI
NG
e
C
OoN
TR
%*

«TXT

«TXT

«END

PP CY AN




€-79

«TITL FORD

3FORCE-DISPLACEMENT LAW FOR ALL

JCONTACT POINTS
«EXTD «M15eMSs e NUM, s EMPT, « MSKR
+EXTD +VEC, «SCAL» «PLTS, .SPRPs «PRES
«EXTD «MESS,» «GETT, « IPRN
+EXTD «ROT,» .UREP, - TREC
«EXTD +NVEC, « PAGE s + ALPH,» « HEAVY
«EXTN CONTR

«ENT «FORD>» «TIME,MU
«ZREL
038000-000020 MU: A00028 FRICTION COEF. (DEFAULT VALUE = «9)

2@001-002033' .FORD: FORD

p0002-0080@1 .KDN: 1 3NORMAL DAMPING FACTOR
00033-003031 .KDS: 1 3 SHEAR DAMPING FACTOR
92004-000090 XCP: )
00025-000080 YCP: %)
20006-00203@ DELS: %)
P20G7-000000 DELN: )
0001 0-0000720 FN: @
P9911-002008 FDSAV: 0
20012-3000030 LOCPR: @
0P013-000009 LOCBL: @
PP014-200008 LOCBP: @
00015-000000 OLINK: @
90016-900080 COUNT: @
90017-00000@ PRLNK: 0
- 0002Q-006P00 COS: 0
| 00021-000029 SIN: 0
L 20022-000008 COSF: )
} 2PP23-000800 SINF: )
; 00024-000672° TIME: DYNFAC
[ «NREL
L 90000 102448 MULS: SUBO 2,0
I 90001 °050420 STA 2,5v2
‘ 90002°'027470 LDA €1,0,3 3A
' 99003°033401 LDA €2,1,3 3B
00084125112 MOVL# 1,1,52C
20005°124460 NEGC 151
i 00086°151112 MOVL#  2,2,SZC
: 20007150460 NEGC 2,2
; 90010°073301 MUL
: 90011°'030005S LDA 2, +MSKR
; 20012143700 ANDS 2,0 3TAKE MIDDLE 8 BITS
‘ 80013°125300 MOVS 151
90014°147400 AND 251
' 98015°107002 ADD ?,1,S2C
3 20016'124400 NEG 151
! 20017°030402 LDA 2,5v2
! 090202°0A1402 JMP 2,3 3A%B IN ACI
' 00021 '00A0000 SV2: 0
r 3
f 00022°'000088 XDL: 0
' £3023'000009 YDL: 2
; 990241000000 XDP: )
20P25°'¢00002 YDP: 2
PAN26° 000080 DAP: )
! 00027°'000020 DAL: 2
90030°'020038 DXL: )
20031'000000 DYL:? )




. T

04932°'0003146°
QA333'054311 -~
00034 Q340025
@8035°'354012~
2080336'054315-
ARB37°'B202033
20340°'2499016~
003410342018
09842 p5S4p1 3~
POR43'N36012-~
paB4a4r 175112
eeeA4a5'e02765
00B46°054017~
90047021499
000500940823~
000511011069
00052'947p22~
PRR53°'a21414@
¢0B54' 849021~
peRss’o21411
QePR56'340820~
0easS7'0a21412
0063048334~
QB061'021413
800620243905+~

0008630332013~
80064021001
POR65'D24004~
PRBEL 106422
0067344733
BRR70'C21003
2271024005~
BRB372'106400
20073°'044732
gee74ta21022
B8BITS* 340732
008760904702
o077 A00N027"
20100'000023"
29101921029
091082122400
PA103°'34@725
Pa104°304674
23105'300027"
03106°029022°
821087°02102%
92116°'123000
02111°'840720

20112034917~
001130212
Pa114°024005%
0o115'107402
g8l116'0@3002018
€2117°'133009
@120 35001 A-
3121031090
00122'021001

H
NEXTR:
FORD:

L.OOP:
ENTRY:

3TO GET

€-80

NEXTB

STA 3,FDSAV

LDA 3, M5 JINITIAL PROD POINTER
STA 3,LOCPR

STA 3,0LINK

LDA By etUM

STA B@sCOUNT

LDA 3s5eM1 SINITIAL BLOCK DAT. PNTR.
5TA 3,L0CBL

LDA 3,8L0OCPR $1ST WORD
MOVL # 3,3,S2C SLIST TAIL FLAG?
JMP @NEXTR 3YES» NEXT BLOCK
STA 3sPRLNK

LDA @,0.3 ;CONTROL WORD

STA @>5INF  3SIN FLAG IN BIT 9
MOVL @s0

STA @»COSF 3C0OS FLAG IN BIT @
LDa g,19,3 3SIN

STa @sSIN

LDA 3,113 3CO0S

STA ©,C0S

LDA ©»12,3

STA @, ACP 3X CONTACT POINT
Lpa 9,13,3

STaA R,YCP 3Y CONTACT POINT
CONTRIBUTIONS FROM EDGE

LDaA 2,8LO0CBL

Lba Bs1.2 3XG» THIS BLOCK
LDa 1sXCP

SuB 2.1

STa 1, XDL

Lpa 2s3.2 $5YG» THIS BLOCK
LDA 1sYCP

suB 8,1

STA 1,YDL

LDA 9,22,2

STA @sDAL

JSR MULS

bau

YDL

L.DA 2,20,2 SDELTA-X, THIS BLOCK
suB 1.8 JSUBTRACT ROTa. CONTRIB.
STA DXL

JSR MULS

DAL

XDL

LDA Ps21,2 3DELTA-Y

ADD 1,0

STA g.DYL

LDA 3, PRLNK

L.DA 9,153 }C(NP:NB)

LDA 15 eMSKR

AND 2,1 3JBLOCK # OF POINT
LDA 25 eM)

ADD 1,2

STA 2,L0OCBP 3DATA POAINTER (POINT)Y
LDA 2,02

LDA 2s1.2 3XG» OTHER BLOCK




€-81

80123°'0240084- LDA 1,XCP
00124106400 suB 251
80125°044677 STA 1, XDP
ki 80126°021203 LDA @,3,2 3YGs OTHER BLOCK
; 001271024095~ LbA 1,YCP
i 20130°'106400 sus 2,1
: 80131'044674 STA 1,YDP
' 80132'0821022 LDA 0,22,2
N @M133'340673 STA ©@,DAP JDELTA~ALPHA
5 90134°'204644 JSR MULS
: 20135'800026"' DAP
908136'000025" YDP
20137 '021820 LDA ©,20,2 3IDELTA~X, NB(P)
@2140°'122420 SuB 1,9
P0141°'024667 LDA 1.,DXL
3 P0142°'122400 suB 1,0 3DXP-DXL
} 90143'042570 STA @,DELX
1 20144'034634 JSR MULS
{ 80145°000026° DAP
BR146°000024" XDP
00147021021 LDA 9,21,2 3DYP
92150'123000 ADD 1,0
@2151'024660 LDA 1,DYL
00152122409 sus 1,0 3DYP-DYL
22153'040561 STA 2,DELY
20154004562 JSR TRANS  3TRANSFORMATION ROUTINE
90155°'03@217~ LbA 2,PRLNK
: PO156°'0210905 LDA 5552  30LD N (NORM. DISP.)
- 90157163030 ADD 3,0
P0160°'341005 STA 8,552  INEW N
20161165000 MOV 3,1
00162'038553 LDA 2, KN 3NORMAL STIFFNESS
PG163'102400 SuB 0,0
3 PO164°125112 MOVL# 1,15S2C
4 29165°124400 NEG 151
20166°073301 MUL
00167°175113 MOVL#  3,3,S5NC
P0170°'124400 NEG 151 3JINVERT ORIG. SIGN
20171°030017- LDA 2,PRLNK 3 FOR +VE FN
@0172'0210806 LDA @,6,2  30LD NORMAL FORCEs FN
PP173°125112 MOVLA 151,52C
@2174°000405 JMP oK
80175°107000 ADD 61
g0176°125112 MOVL# 1,1,S&C
90177°'006506 JSR eLM1
©0200°'203404 JMP STOR
00201'10700@ OK: ADD @1 3ABD IN INCREMENT
002021125112 MOVL # 1,1,SEC 32ERC ADHESION ASSUMED
PA283°'0008520 JMP DELET  3SiT FORCES TO E£ERO
90204°345006 STOR: STA 1,62  3NEW NORMAL FORCE
00205°'044310- STA 1,FN
0N206'165000 MOV 3,1
ga2a7°'A3g022~ LDA 25, .KDN 3DAMPING FACTOR
802109°102400 suB 0,0
ee211'125112 MOVL# 1,15S%C
00212124499 NEG 151
90213'073301 MUL
99214'175113 MOVL#  3,3,SNC
29215124400 NEG 1,1

0P216°020010~ LDA | B,FN




e ——— 5

e —m———

RO2171230¢9
ppz2e’1esita
20221 0Cr423
Qaze2*' 10tz
2P223°0ND5443
or224°040510

eez225'n3ea17-
PRA226° 006501

20227040504
00233004506

@e231'0P6453
00232°'00n907-
008233020036~
60234°002022"
80235°' 002023 "
00236° 032213~
00237021017
00242' 122430
80241°041017
00242'021007
20243 024006~
02244° 123000
00245041007
00246°'321016
202471024007~
08250122400
PB251°341016
00252°@@6432
90253030387~
80254°'BOYOA6-
2@255°@02024°
90256°000025"
@0257'032014~
20260021017
80261°'123000
00262'041017
20263°'021@07
00264024006~
00265° 122400
00266°@41007
80267°0210156
P0270°N24007-
002717123000
0027284198156
882738200065
00274101094
00275° 006412
00276°'034017-
20277171400
08300'151400
60301°'050015-
98302° 835402
#8303 ° 802425
00304°0PN432"
28305°001143"
98326°'001158°

ADD
MOVL #
JMP
MOVL #
JSK
NC: S5Ta

LDA
JSR

STAa
JSK

{0
1.1,82C
&G
,0582C
LMy
Q.DELY

2, FPRLNK
@ SHR

B,DELX
THANS

SGET SHEAR FORCE

3ADD GLOBAL FORCES ARISING FROM

3THIS CONTACT.
JSR
DELN
DELS
XDL
YDL
LDA
LDA
suB
STA
LDA
LDA
ADD
STA
LDA
LDA
suB
sTA
JSR
DELN
DELS
XDP
YDP
LDA
LDa
ADD
STA
LDA
LDA
sus
STA
LDA
LDA
ADD
5TA
LDA
MoV
JSR
CHAIN: LDA
INC
INC
STA
LDA
JMP
MOMT:  MOM
LMy LIMI
LMB: L1Mg

eMoMT

2,8L0C8BL
@r17,2
1.0
Bal7,2
0'7,2
1.DELS
120
8,7,2
@s1652
1sDELN
1,0
9)16:2
eMcMT

2,68L0CBP
@s17,2
1,0
@,17,2
Gs7.2
1,DELS
1,0
Bs7,2
@s16,2
1,DELN
1,0
B,16,2
s VEC
B,0,S52R
evolIspP
3s PRLNK
3s2

2,2
2,0LINK
3,2,3
EENTR

JMOMENTS, THIS BLOCK

3THIS BLOCK

FNEW MSUM
30LD FXSUnM

INEL FXSUM
sGLD FYSUM

sNEW FYSUM

JOTHER BLOCK
iOLD MSuUM

INEW MSUM

$}AS ABOVE, BUT
5 WITH OPPOSITE SIGNS

sPLOT VECTORS IF FLAG SET

$GE1 LINK ADDRESS
3REVERSE LINK

JICET NEXT ENTRY

o’



; C-83
£9307'0INSe3* VDISP: VDIS

SNEXT BLGCK :
a0310'010C12- NEXTB: 152 LOCPR s INCR. PROD LOCATOR

20311034012~ LDA 3,LOCPR
0a312°0540]15- STA 3,0LINK
§0313'0138013- 152 LOCBL 3INCR. DATA LOCATOR
: 00314701431 6- DSz COUNT 3EXIT IF ALL BLOCKS
i 90315'0a2414 JMP PLOOPR 3  SCANNED
i 0@316°0309125 LDA 2, +PRES
3 0a317'151112 MOVL # 2,2,82C
3 09320002011~ JMP €FDSAV  3NO PRESS. SEGMENTS
1B 80321 '002401 JMP eFRS 3GET FORCES FROM PR. SEGS.
t 00322'C00637' PRS: PRESU
y $0323'102400 DELET: SUB 2,0
03324'041026 STA 0,652
£08325'041097 STA @s7,2
RO326'000750 JMP CHAIN
P2327'NENS53' SHR: SHEAR

2A332°'000044°' ENTR: ENTRY
©0@331'000A43"' LOOPR: LOOP
@0332°'¢2QQ00 SAVE: a
00333'000200 DELX: 4]
$0334'003003 DELY: 5]

Q9335000083 KiN: 3
80336'M54774 TRANS: STA 3,SAVE
8M137°'024774 LDA 1,DELX
80343'032029- LbA 2,C0s8
Q83411022440 SuUBO 2,9 3CLEAR CARRY
02342'125112 MOVL# 1,1,52C
08343124449 NEGO 1,1 3SET CARRY
20344°'073301 MUL JDELX*COS
80345*'125112 MOVL# 1,1,52C ROUND UP IF NEC.
09346101423 INC 050

; 80347'101002 MOV Bs0,82C

1 00356°'108400 NEG 2,0 3RESTORE SIGN

E BO351*D2age2- LDA 1,COSF

k. PB3s52'125192 MOVL 1,1,52C

¢ 80353'120430 NEG 0,0
08354115300 MOV 8,3 3PARTIAL SUM IN aC3
08355'024757 LbAa 1,DELY

A PA356'039021~ LDA 2,S5IN

3 20357102440 suso 2,0

B 8A368'125112 MOVL# 1,1,82C
QR361°'124449 NEGO 151
00362073321 MUL 3DELY*SIN
00363125112 MOVL# 1,1,SZ2C 3ROUND UP 1F NEC.
00364'101400 INC 9,0
0@365°121002 MOV 0,0,SZC
00366100400 NEG 2,0
BA367°024023~ LDA 1,SINF
00379125102 MOVL 1,1,S2C

3 Q0371103499 NEG 0,9

. 00372117800 ADD 0,3 3DELX*COS+DELY*SIN
083732540906~ STA 3,DELS
RAB374'124740 LDA 1,DELY
09375'Q33320-~ LDA 2,C0S8
80376102449 sSuBoO 0,9
@a377'125112 MOVL# 1,1,52C
934AQ' 124449 NEGO 11

00491°'G73301 MUL 3DELY=*COS




00402'125112
20403°101409
P0484'1010082
80405°'10034092
00406 324022~
00497'125102
00410'100400
83411115000
23412024721
fB413'G30021~
00414'102440
e94a15'125112
00416°1244240
00417°073301
0v420*125112
00421101400
00422°101002
20423°'1003400
08424°'024023~
00425'125102
00426'100400
00427116400
00432°054287~
00431002791

00432°054444
90433'027400
00434'033402
008435176400
00436125112
20437157009
00440°151112
80441°137000
00442102490
29443°'073301
00444162400
00445°'340432
P0B446°'044432
B0447°034427
004592027401
00451'033423
00452°176490
008453°'125112
PR454'157000
2MA55*151112
00456°1370020
0045710240602
00460°073301
AA461 162400
00462°030415
00463'034415
00464°167022
00465'151400
00466'143730
03467°330005%
00474143700
00471'1253920
00472°1474020

MOVL#
INC
MOV
NEG
LDaA
MOVL
NEG
MOV
LDA
LDA
SUBO
MOVL#
NEGO
MUL
MOVL#
INC
MOV
NEG
LDA
MOVL
NEG
sus
STA
JMp

1,1,52C
3,0
0,0,5¢C
2,0
1,COSF
1,1,52C
2,0

2,3
1,DELX
2,SIN
0,0
1,1,S%C
1-1

1,15,S2C
2,0
B,2,5ZC
2,0
1,SINF
151,S2C
0,0

3,3
3,DELN
eSAVE

C-84
SROUND UP IF NEC.

3PARTIAL SUM IN AC3

IDELX*SIN

3ROUND UP IF NEC.

JDELY*COS-DELX*SIN

JCOMPUTES A*XDIF+B*YDIF , AND TRUNCATES
3TO MIDDLE 16 BITS OF 32 BIT NUMBER

H OUTPUT:

MOM ¢ STAa
LbA
LDA
SuB
MOVL #
ADD
MOVL#
ADD
suB
MUL
SuB
STA
STa
LDA
LDA
LDA
Sus
MOVL#
ADD
MOVL#
ADD
suB
MUL
Sus
LDA
LDA
ADDZ
INC
ADD
LDA
ANDS
MOVS
AND

ACI

3,TEMP
€1,0,3
€2,2,3
3.3
1,1,82C
2,3
2,2,82C
1,3

2,0

3,90
B,HI
1,L0
3>TEMP
151,33
82,3,3
3,3
1,1,S2C
2,3
2+2,82C
1,3

0,0

3,0
2s5HI1
3,L0
3,1,S2C
2,2

2,0

2‘ -MSKR
2,0

1,1

2]

3A
3XDIF

3A*XDIF IN ACO:ACH
5B

3YDIF

3B*YDIF IN ACO:ACI
3ADD 2 D.P. NUMBERS

IDePe. ANSWER IN ACO:ACH
JNOW TAKE ONLY MIDDLE
3 8 BITS




"
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024731070929
00474°034402
20475001424
B0476'000000
00477000009
02580°'ACO000
00501 '0069003
9085¢2'Ccag%e0a
B0503'054446
PP504°020204-
€0505°'024945-
P0SQR6°' 0060108
085070002202
005190°'0624006~
90511044770
PB512°'006007S
0e513°'020004-~
02514°123200
08515'040435S
005169024007~
P0B517°044763
00520°'0060807S
00521020905~
0@522°* 122490
00523°'105000
00524°020426
00525°'00501083
09526207001
298527°'906023S
20530'093a0215s
2AsS31 151005
©0532'002417
9@2533°'020746
PNS34°'0A6M15S
93535008905
090536020744
03537°'006015S
60540°'B09A205
0A541°0300215
PB542°151224
00543004402
00544°00@2435
00545063510
005460004777
20547060210
205522914002
29551°'0ero00
90552°030009

0B8553'A5A455
00554025000
0a555'020455
Qe556° 127704
BA557°(0PAAS4
02560030000~

ADD

TEMP: ]
HI: ]
LO: "]
XNUM 5}
YNUMe %]
VDIS: STA

STA
LDA
STA
JSR
LDA
suB
MOV
LDA
JSR

JSR
L.DA
MOV
JMP
LDA
JSR

LDA
JSR

LDA
MOVER
JSR
JMP
WAIT: SKPDN
JMP
NIOC
JMP
VEC3: o}
XVEC: 5}
3

C-85
8,1 JIRESULT IN ACI
3,TEMP
453 JRETURN TO CALL +5S

3,VEC3 SVECTOR PLOTTING ROUTINE
@, XCP 3 X CONTACT POINT

1,YCP 3Y "

28.PLTS 31ST END (BEAM OQOFF)

1,DELS

1> XNUM

e.SCAL 3 SCALE FORCE FOR PLOTTING

B»XCP

1.9

@»XVEC 33X VECTOR

1,DELN

1, YNUM

e.SCAL

2>YCP

1,0

G,1 3Y VECTOR

@sXVEC

@.PLTS 3PLOT VECTOR
3 BEAM ON

€ +ALPH

25«NVEC 3TO PRINT VALUES

2,2,5NR ;8=DONT PRINT

eVEC3

@, XNUM

€.1PRN ;PRINT X

@, YNUM
e.IPRN 3PRINT Y

2s-NVEC 31IF>1,HALT FOR CHECK
2,2,S€R

WAIT JWAIT FOR ANY KEY
eVEC3

TTI

e-1

TT1

2,3

3THE FOLLOWING ROUTINE COMPUTES SHEAR FORCE
3FROM SHEAR DISP. AND NORMAL FORCE.
31T ALSO ADDS IN DAMPING TERM. IF CONTACT IS

SNOT SLIDING.

»

SHEAR: STA
LDA
LDA
ANDS
JMP
LDA

2,5Vs2

1,2,2

@,FRMSK 3TYPE # MASK

B,1,52R 31F ZEROs, USE DEFAULT
GETFR

2,MU JFRICTION COEF (<1)




l

C-86

0A561° 024210~ SLIP: LDA 1,FN

aes562° 12403 sus 0,0

B8e563°'073301 MUL JFN*MU IN ACO

00564 (*ana43 STA V,FSMAX 3MAX POSS SHEZAR FORCE
BO565'030444 LDA 2,KS 5 SHEAR STIFFNESS
PB566° 024806~ LDA 1,DELS 3 INCRe SHEAR DISP.
833671032440 suse 2,9 3CLEAR CARRY
A579125112 MOVL # 1,1,S2C

B9571'124449 NEGO 121 3SET CARRY 1F DELS -VE
2e572°*073301 MUL JDELS*KS (=DELTALFS1)
25731250802 MOV 1,1,52C

93574124499 NEG 1,1 JRETURN SIGN
005750373433 LDA 2,8Vs2

PNS576°621007 LDA 8,752 JFS(OLD)

PA577*107000 ADD 2.1 JRAW FS

00600°'044426 STA 1,FS

3
3 THE FOLLOWING LINE WAS IN ERROR IN PAC’S

80601045207 STA 1,752  37/30/76 EKROR FOUND
3

00602121102 MOVL 1,8,S2C

20603'124400 NEG 151

Po604° 020423 LDA B,FSMAX

906085° 122513 SUBL# 1,8,SNC JEXCEEDED MAX?

00606'000495 JMP DAMP 3NO. ADD IN DAMPING

PR627°'125092 MOV 151,S2C 3SIGN?

99616° 100420 NEG @.,0

906111041897 STA 0,7,2 3NEW FS IN ACQ

A8612° 0014089 JMP 8,3 GEXIT

P0613°' 324006~ DAMP: LDA 1,DELS

00614230003~ LDA 2,.KDS 3DAMPING FACTOR

20615'102449 SUBO 2,0

P0616'125112 MOVL#  1,1,SEC

P0617"122440 NEGO 151 %

2n620°A73301 MUL

P0621'125002 MOV 1,1,S2C )

PR622° 124400 NEG 1,1 3

00623° 0201463 LDA 2,FS P

90624'123000 ADD 1,9 3ADD IN DAMPING FORCE b

00625'001 4008 JMP 8,3 JEXIT (OUTPUT: ACO) ]

00626°0BACG0 FS: 2 :

CR627'AR0008 FSMAX: 0 ;

(0638° 000000 SVS2: @ :

?0631'IPOOB3  KS: 3 JSHEAR STIFFNESS '

AP632°017408 FRMSK: 17400  3MASK FOR TYPE # PART OF CONT. WORD i

£€0633°'030Q115 GETFR: LDA 2, +SPRP :

20634°133000 ADD 1,2 i

£0635'031000 LDA 2,0,2 3GET APPROPRIATE FRICTION H

00636° 000723 JuP SLIP 1

3

3TO ADD IN PRESSURE FORCES FROM LINKED
JLIST OF PRESSURE SEGMENTS.

3

Vi et

00637'021000 PRESU: LDA 0,0,2

NB640'A24085S LDA 12 «MSKR

BA641°'123400 AND 1,0 3INB
P0642°N34001 S LDA 3, M1

QAa643'117200 ADD 2.3

00644°'0354020 LDA 3,9,3 3BLOCK POINTER

,-----




e

C-87

RPN R T}

A0645°021043 LDA 0.,3,2 3M INCREMENT

B0646° 025417 LDA 1,17,3 30LD MSUH

00647107009 ADD 251

90650045417 STA 1517,3 JINEwW MSUM

80651021004 L.DA 0,4,2 3FX INCREMENT

0R652'025407 LDA 17,3 30LD FXSUM

00653107008 ADD 0,1

P0654° 045407 STA 17,3 INEW FXSUM
[P

80655'021005 LDA Ds5,2 3FY INCREMENT

00656025416 LDA 1,163 0LD FYSUM

03657°1070929 ADD a1

P0660° 045416 STA 1,16,3 NEW FYSUM
)

00661°031002 LDA 2:2,2 SLINK

08662'151115 MOVL# 2,25SNR

00663000754 JMP PRESU

P0664°002011 - JMP @FDSAV JEND OF CHAIN.

3 ROUTINE TO CHANGE TREC, ETC.
3
PB665°000B840 DTREC: 49
P0666°'000A1 DKDN: 1
- PP667°00@012 DKDS: 12
00670°0G014¢ DROT: 140
PN671°'000023 DUREP: 23

»
00672°00602235 DYNFAC: JSR e.PAGE
90673°0060323S JSR e.ALPH
90674°0A63135S JSR @.MESS
20675'001212° DMSS
PR676°177470 -2008.
90677°001320 720.
. 20700006133 JSR @ MESS
00701 °001234° DM51
P07082°177665 75
00763001236 670.
g9704°'006313% JSR e .MESS
99705°021244" DMS2
P0706°'GAB17S 125.
20707 '00120609 640.
90710°'0208020S LDA 9,.TREC JTIME STEP
] @@711°006015S JSR e.IPRN
- 90712°'000004 a
@0713'086213S JSR e.MESS
2a714'001250° DMS3
90715'000175 125,
PO716°A01130 600 .
20717°'220002- LDA @,.KDN 3NORMAL DAMPING FAC
00720°'006915S JSR e.1PRN 1
1 90721202034 A
00722'0060138 JSR @ .MESS ]
90723'901254" DMS 4
00724°'9€0175 125.
90725°001060 560
00726'020003~ LDA 0, .KDS 3SHEAR DAMPING FAC
00727 0P6015S JSR #.1PRN ;
00733°'000004 p b
00731°'006013S JSR @ .MESS ;




- e < AR %

83732°'001260°
2a733°000175
P0734° 301010
2a735'02a016S
G@T36"3086315S
BA&7T37*BOAOS
23740°'00A6013%
AA7T41°0031264°
007420033175
0B743°'000743
007443290178
88745°006015S
00746000034

A0T4T*006013S
29759*ep1270"
NB751"177479
Q0752633536
98753 006213%
0@754'001306"
PO755'0Ca454
2@756° 009454
BB8757'0069138
Q0760°'001325"
Ca761°00A454
02762000404
Q27630060133
PAT64A0R1367"
AB765' 02454
03766°'03G3334
R2767°006Q13S
00772° 201344
PR771°'000454
DA772'000264

03773'¢060148
€8774'024414
PBA775°'106415
Q97760060248
PBTTI7°224497
P1oen*106415
21001000410
21aa2'024405
21903106415
A1034°¢00434
@1aa5'9¢2535
21006200111
71007°00A104
a1e10'eeat27
91011°020002~
21012°(A124654
g1813° 106432
g1o1a'naasan
1015122420
eratéeraagpn2-
e117'e200208
eregan*nnagas
010211224920

3

DMSS
125.
520.
LDA
JSR
5
JSR
DMS6
125,
480.
L.DA
JSR
4

JSR

DMS7
-200.
350.
JSR

DMS8
300.
300 .
JSR

DMS9
300.
260,
JSR

DM10
360.
220.
JSR

DMS10

300.
188.

85, ROT
@+ 1PRN

@.MESS

2, .UREP

€. IPRN

e .MESS

8.MESS

@ «MESS

@ MESS

8 .MESS

3 GET CONTROL KEY

H

ICHR:
DCHR:
WCHR:
UpP:

JSR
LDA
sug#
JSR
LDA
Su#
JMP
LDA
SuB#
JMP
JMP
"1
"D
a7
LDA
LDA
suBZ#
JMP
suB
STA
LDA
LDA
suB

@.GETT
1,WCHR
Pas1,SNK
e . HEAVY
1, ICHR
Qs1,56R
UP
1,DCHR
@215SNR
DWN
eCoN

ﬁ) OKDN
1, DKDN
B21,52C
MAX

1,0

Qs «KDN
B, TREC
1,DTREC
1,0

C-88

5ROT. TIME FAC

3UPDATE COUNTER

3IS IT A W

3YES S
JIS IT AN 12?

JYES
3IS ITAD ?

3YES
SNONE=-GO TO CONTR

5 IFKDN=DKDN ALREADY AT MAX




21022°240020S
01023°'020003~
01024024643
21025°122400
' 81026040093~
} 21027°020016S
‘ 01030°024640
91831122400
01032'0400165
21033°0200817s
81034°024535
01035'122400
P1@36°242017S
01037°'000426

01040'020020S
01041024624
01042'107000
01043°0440208S
01044° 020002~
01045'024621
81046'107008
~ 01047 '044002-
‘ 61050° 020003~
- @1051°'024616
; @1052° 107000
. ©1053' 044033~
; 81854°' 02008165
i 01055'024613
01056°'107000
f @1057°044016S
| 01060°020217$
P1061°'024610
k. 21062'107300
: $1063'044617S
L 01064'003401
i
i

01065°'006013S
01066'001361°
81067°176701
: 91870°001236
1 01071°606013%
A 91072°001244°
i 01073°'001161
1 81074'001208
; 81075' 0200208
t P1076°'0B6015%
01077°0600004
01100°'006013S
21101°001253"
1 81102°001161
21103'001130
91104°'0200082-
@1105°906015S
21106'000004
i P11027°0060133%
21110°001254°
T B1111°001161
21112°PN1060
21113'0200a3-

DwN?

OUTPT:

STA
LDA
LDA
sus
STA
LDA
LDA
susB
STA
LDA
LDA
suB
STA
JMP

LDA
LDA
ADD
STA
LDA
LDA
ADD
STA
LDA
LDA
ADD
STA
LDA
LDA
ADD
STA
LDA
LDA
ADD
STA
JMP

JSR
DMS11t
'5750
670.
JSR
DMS2
625.
640 .
LDA
JSR

JSR
DMS3
625,
60@.
LDA
JSR

JSR
pMS4
625,
560’
L.DA

9,.TREC
@s» +KDS
1,DKDS
1,0

@, KDS
9, +ROT
1,DROT
1,0
Bs«ROT
B, UREP
1,DUREP
1,0

8, «UREP
OUTPT

8,.TREC
1>DTREC
2,1

1, TREC
B «KDN
1,DKDN
9,1

15 +KDNN
Bs «KDS
15DKDS
Bl
1s«KDS
Qs +ROT
1»DROT
d:1
1»ROT
@, +«UREP
1,DUREP
1

1> .UREP
QUTPT

e .MESS

@ +MESS

@.TREC
€. IPRN

e+MESS

@5 «KDN
e+ IPRN

8 «MESS

BssKDS

et Lot

e ndn




21114°3360158
21115'00¢904
B1116°03063138
a1117'001260Q°
21122001161
01121021010
21122°0200163
61123060158
01124000005
P1125'0060138
P1126'001264°
21127001161
01130°200742
61131°¢220017S
81132'0068155
81133'022004
91134°'0024026

01135'0036813s
21136°*'N31172°
81137177479
01143000226
P1141°'202401
01142°177777

@1143'054411
01144'004412
21145024410
01146°'034007~
01147'902405
01158054404
01151004405
91152'020403
21153°'gg2401

91154°'000000
01155°977777

01156°054413
011572060138
01160°0014024°"
01161'9001522
A1162°¢@1332
81163°006013S
P1164'001412°
P1165'p01522
@1166°001313
P1167°'034402
21170'001400
01171000000

81172°'947523
81173°@s1122
P1174°026131
81175'046181
01176'042522
0117724210
21200'020131
01201'252101

CON:

>
LIM1:

LiM@:

3
RETN:
LIMIT:
3
WARN:

JSR

JSR
D155
625.
520.
LDA
JSR

JSR

DMS6
625.
180 .
LDA
JSR

JMP

JSR
ERR
-200.
150.
JMP
CONTR

STa
JSR
LDA
LDA
JMP
STa
JSR
LDA
JMP

77777

STA
JSR
M}
850,
730.
JSR
Mw2
85@.
71S.
LDA
Jup

«TXT

€-90
e.1PRN

8 .MESS

@, POT
@ IPRN

@ .MESS

@, sUREP
€. IPRN

eCon

8 «MESS

@CON 3 GO BACK TO CONTR

3>RETN
WARN
1>LIMIT
3,DELN
8RETN
3,>RETN
WARN
B,LIMIT
BRETN

3MAX NORMAL FORCE

3,RETR
e MESS

@.MESS

3,RETR

2,3

*S0




01202046440
21223°054101
@1264°'0ak511
B1225°0as525
01206053040
21207046101
@1210°'342525
g1211'ges123
012120327355
a1213*'027056
21214027056
81215020056
1216054504
Q1217°'040516
91229044515
91221'020103
01222040520
91223'040522
81224042515
91225042524
81226°'951522
21227027056
212308°'027056
912319270656
81232'027056
@1233'gceeedo
@1234°'¢g51120
212350515085
R1236°'047105
01237020124
B1248'049526
21241'052514
B1242°051545
01243°329000
21244°'052056
0124542522
21246'0323193
91247°'900875
01250'045456
21251047104
01252'936440
91253°'000000
01254945456
21255'951594
B1256'036440
81257°'9p0@a00
01260°951056
21261352117
01262'036440
21263000000
81264'@352456
91265'p42522
81266°220129
612670063375
01270'047506
g1271'051125
P1272°'047449
81273'952120
01274947511
21275'051516

M
AX
M
U

Y
AL
ur
Sx
D4S@:
DY
NA
M1
C
PA
RAa
ME
TE
RS
k3
DMS1:
£S3
EN
T
VA
LU
ES
*
DMS2:
RE
C
=%
DMS3:
DN

o TXT

o TXT

«TXT

«TXT

«TXT

«TXT

«TXT

o TXT

*oo

*PR

*F0

C-91

BRI Y

e pea b




G1276°0404408 A
01277°040526 VA C-9?
01308'046111 1L
@1301'041101 AB
@1302'042514 LE

21303°'026440 -
91304°026455 -~
01305°003349 *
B1336°054524 DMSE8: < TXT *TY

81307'84252@ PE
01318°'644440 1
@1311°'9052040 T
21312'920117 O
P1313'047111 - IN
€1314°'251183 CR
01315'040505 EA
P1316°342523 SE
@1317°052040 T
?1320°046511 1M
21321°'020185 E
1322°252123 ST
©1323°056105 EP
01324'0000860 *
91325'9054524 DMS9: «TXT *TY
91326°042523 PE
©1327°042348 D
91330'652040 T
21331'028117 0O
- 01332°042504 DE
91333°351103 CR
@1334°040505 EA
@1335'042523 SE
P1336'052040 T
01337°046511 IM
91340'028105 E
- 81341°052123 ST
$1342°'050105 EP
91343°'000000 *
91344'047101 DMS18:  «TXT *AN
21345°020131 Y
01346°'052117 OT
@1347°'042510 HE
©1350'0209122 R '
01351°042513 KE ]
91352°023131 Y
01353'020355 -
01354°047516 NO
01355'041448 C
P1356°040518 HA
@1357°'043516 NG
@1362°00010. T
@1361°'0a2516 DMS11: oTXT *NE
213621028127 W
91363°040526 VA
81364'252514 LU
81365'051585 ES
B1366°000000 *
@1367°054524 DM1B: «TXT *TY
M1370°042520 PE
' P91371°053440 W

e e e A .




A
.
!
]
3
l

81372°05204@
81373°028117
B91374°047515
01375'044594
91376°0D54506
P1377°053440
01400°044595
B1401°044107
91402°0251524
2140300020209
01404020049
@1495°347524
81406020117
21407042510
914192'05310!
01411'0002131
01412'025040
21413'@25052
01414°025052
01415025052
01416°025052
91417°'825052
01420'000020

M0
DI
FY

El
GH
TS

MWl

HE
AV
Y*x
MwW2:
* %
* %
* ¥
xR
* %

«TXT

«TXT

«END

C-93



02@922-022200°
2381 -000a53"
BoRA2-A21S52 4"
BY933-0032eV9d
gPRB4-0VA00
600a5-30a2909
P0N6-B0020D
eane7-¢n0a009
00013-000040
POA11-2200CC0
PAA12-022000
@0013-000400
eon14-000200¢

000A3* 854416
PeQAN1'0324n01S
90022'1024¢€0
000Q3°'B48414

000324°'054414
PoeAs5°0314¢0
002261510805
0000N7 302407
@301R2°024407
00011224442
00012013425
aae13'A34485
90014°175420
poOC15°'002767
92016°A02Q00
09017°00002920
00020°'020000

00321°0A24506
08022°'034005%
00023'02¢011 -
099024°1179000
002579354425
00026035400
027175112
00232°'002500
20031021409
gae32°'123415
00033°'0CCal0
93034122402
P0A35°'041 420
e0a36°1 71400

C-94

+TITL UFDAT
CENT «ALLB, «SING, «CPNT
+EXTD eMIsaM25 eMBy eMAs M55 eME» eMTs s MSKR
«EXTD «PUN1 5> e PON2, e PRN] » o EMPT» o FSIZ, s LENG
<EXTD «TYP
«EXTD «MEM
CEREL
«ALLB: ALLS
« SING: SING
«CPNT: CHA 3POINTER TO WORD THAT CAN RE MODIFIED
KA @
YA: [4]
COS: 0
SIN: 1]
COSF: [¢]
SINF: 9]
NB: %]
NP2 4
NPNB: a
Lz (%]
+«NREL
JROUTINE TO UPDATE ALL BLOCK CONTACTS
3 JSR @.ALLB
)
ALLR: STA 3,ALL3
LDA 35 M1
suB 0,0
STA 2,NBB
3BLOCK SCAN=-=-=+=-eewe--
BEGIN: STA 3>HOLD
LbA 2,053
MOV 2,2, 5NR
JMP €ALL3 3sNO MORE BLOCKS. EXIT!
LDA 1,NBB
JSR SING 3UPDATE SINGLE BLOCK CONTACTS
1SE NBB
LDA 3sHOLD
INC 3,3
JMP BEGIN
ALL3: 2
NBB: %]
HOLD: o

»

3AFTER ALL SIDES HAVE BEEN SCANNEDs, THIS
3ROUTINE THROWS OUT ALL ENTRIES IN CONTACT
JLIST THAT HAVE NOT BEEN FLAGGED.

SCAN: LDA 1>LBIT 3"PRESERVE" FLAG
LDA 3seM5
LDA 2.,NB
ADD 2,3 3LOCATOR OF CONTACT LIST
STA 3>0LINK 3BACKWARDS LINK
LDA 3,0,3 3GET POINTER (QR =-1)
PHONE ¢ MOVL# 3,3,S2C 3END?
JIMP eSIN3 3DONE. EXIT!?
LDA 8,0,3 31ST WORD
AND# 1,0,SNR 31S PRESERVE FLAG SET
JMP DELET 3NO, DELETE ENTRY
suB 1,0 SKEEP ENTRY; REMOVE FLAG
STA 0,0,3 3PUT IT BACK
INC 3,2




20037151400
erEan@dgsnalz
eanal*n3sgn2
Qe04a2°'000765

0QA43° 0200145
$E044°05401 4S8
pOR4A5'R3142
Q045041422
21047052403
au0sa*155aa0
2oas51*'aan7ss
Pa052'e00000

Q0253°'054455
eHAS4T 042401~
00ass'e21014
g0as6*12100S
AAAST T AB2451
PB063'A21000
20a61°A240108
00362137400
PPB63°'044446
2a064° 1256400
PBP65' 0449212~
03066 Q760168
QA967'04031 4~
2ea0TAA06MA11S
00071040441
009Q72°Q44444
A2073°'0407303 -
POATA'Q44004~
003750324012~
B3A76°'000429
00877125400
a0100°'026A11S
00101°'0G48573
00192°'044573
2103050423
20184°'034433
PG105'A30421
0010610012~
0a187°'0240812-
2N110°ADEAL6S
0e111°040014~
Qe112°a320562
89113°P4N2723~-
909114°020561
2A115°'340334~
0116014413
A117°002760@
00124020412
80121849553

C-95

InC 2,2 3GET ACTUAL LINK ADDRESS
STA 2,0LINK JREAEMBER REIVERSE LINK
LDA 3,2,3 JCGET NEXT ENTRY

JMe FHONE

3TO DELETE AN ENTFY, AND PUT IT IN THE
JVEMPTY'™ LIST.

DELET: LDA @s e EMPT 3GET LINK FRGM LOCATOR
STA 35« EMPT 3PUT IN NEw LINK
LDA 2:2,3 30LD LINK FIELD OF ENTKY
STA $,2,3 3STORE EMPT LINK IN IT
STA 2,80LINK ;BYPASS DELETED
MOV 25,3 SNEXT ENTRY
JIMP PHONE 3 ENTRY

OLINK: 0

3
SROUTINE TO UPDATE SINGLE BLOCK CONTACTS
3 JSR 8.5ING

.
’

SINPUT: ACY - BLOCK #

H AC2 - POINTER T0O START OF DATA, BLOCK B
3
SING: STa 3,SIN3
STA 1,NB
LDA @,14,2
MOV 3,0, SNR
JMP eSIN3 3ZERO AREA. EXIT!
LDA 3,052 3CONTRQOL WORD
LDA 1, «MSKR
AND 8,1 3NOe. OF POINTS
STA 1,NPNTS SNEGATIVE POINT COUNTER
suB 121
STA 1,NP
JSR e.LENG 33GET LENGTH L THIS SIDE
STA 2oL
JSR 8.PON1 3GET GLOBAL CO-0RDS
STA Qs X0
STA 1,Y0
STA B, XA
STA 1:,YA
LDA 1 ,NP
JMP DOWN
BACK: INC 151
JSR 8.PONY
STA 2, XB
STA 1,YB
STA 2s,AC2
JSR RED 3SEARCH FOR CONTACTS
LDA 2s,AC2
158 NP
LDA 1 NP
JSR P.LENG
STa @sL
LDA 0sXB sNEW BECOMES OLD
STA 2, XA
LbAa 2-YB
STa BsYA
DOWN: DSEZ NPNTS $JUMP OUT IF DONE
JMP BACK
LDA 0-%X0 BLAST LINE
5TA 2, XB




eot1e2°'620411t LDA
@0123°'040552 STA
00124004413 JSR
00125000674 JMP
PR126°'C0000Q0 AC2: 0

00127920008 LBIT: 20009
291392°900020 SIN3:
90131'C00N0E NPNTS:
720132°'000000 Xa:

©0133°'900000@ YO:

20134000000 XLBOX:
22135'000008 YLBOX:
P0136'00a038 XUBOX:

DI

C-96

0,Y0

0,YB

RED 3SEARCH FOR CONTACTS
SCAN 3 SCAN FOR FLAGS

3FIND RANGE OF BOX SCAN (XRANG,»YRANG)
3FOR LINE [((XA,YA)» (XB,»YB)]

00137°0254543 RED: STA 3,S5VR3
99143102520 SUBZL 2,0
00141049552 STA D,BYPAS SINITIALIZE SKIP FLAG
992142°033547 LDA 2,C100
9@143°'023304~ LDA 2,YA
80144024531 L.DA 1,YB
89145122512 SuBL# 1,0,52C 3185 YA>=YB?
00146°A00424 JMP REV 3NO
00147'3445392 STA 1,YL 3STORE YB AS LOWER
002150'940531 STA 2,YU 3YA AS UPPER
00151°007423 JMP ON
PN152'247525 REV: STA 2,YL 3THE REVERSE
03153'344526 STA 1,YU
90154022203~ ON: LDA @, XA
00155024517 LDA 1,XB
pBl56°122512 suBL# 1,2,5ZC 3D0 SAME FOR X
8a157°000404 JMP VER
00160'@44516 STA 1., XL
20161°040517 STA 9, XU
PN162°'000483 JHp ONN
03163°0348513 VER: STA @, XL
20164°044514 STA 1,XU
;JFIND BOX ADDRESSES
002165°024511 ONN: LDA 1, XL
00166°102400 sus 2,0
821673273141 DIV
08170°1010024 MoV 0,0, SER
08171220405 JMP «+5
eA172°125005 MOV 1,1,5NR
96173'000403 JMP «+3
02174102529 SUBZL 0.0
PA175°106400 sSusB 2,1
NB176°'0DA4736 STA 1,XLBOX iNO. X BOXES FROM ORIG
Q931770245930 LDA 1-YL
02200102420 SuB 0,0
96201°'073101 DIV
PA202°101994 MOV 0,0,SER
2032A3'001405 JMP «+5
2a2B4°125005 MoV 1,1,SNR
20205000403 JMP «+3
92226102520 SUBZL 0,0
PR2037°106400 SuB 0,1
ga21a*a4472s STA 1,YLBOX 3NO. Y BOXES FROM
A211°024457 LDA 1,XU
€a212'1a2400 Sun 70




C-97

o T —

00213°073101 DIV
98214°'044q722 STA 1,XUBOX 3MO. X BOXES FROM
08215°@24464 LDA 1YY SORIGIN TO END
20216102400 5uUB 0,0
90217°'3731a1 DIV
00220°'320715 LDA 2,YLBAX 3NOe ¥ BOXESeoos
002211064029 SUBR ds1 JNOe Y BOXES IN SCAN
00222124000 coM 1,1
P0A223'044463 STA 1,YRANG 3ADD 1, MAKE =~-VE
0A224'Q334003S LDA 35>.M3
A0225°'103129 ADDZEL 2,0 JMULTIPLY YLBOX BY 20
00226°103120 ADDZL 8,0
00227°'117000 ADD 0,3
00230°'224786 LDA 1, XUBOX
0R231'0207023 LDA 0, XLBOX
eMN232°10649092 suB 0s1 JINO«X BOXES IN SCAN
93233°'124000 cOoM 1»1
@0234°044451 STA 1 » XRANG
09235'044452 STA 1,XCNT  3COPY FOR SCAN ROUTINE
20236117000 ADD 9.3 3START BOX ADDR IN AC3
090237°'054445 LOOPO: STA 3sNLEFT 3LEFT-HAND POINTER
80240°'0354443 LOOP: STA 3,KEEP 3MOVING X POINTER
00241 °'035400 LDA 3,0.3
80n242'175112 MOVL # 3,35S2C FEND MARK?
@93243'0008415 JMP ENDM SYES
20244'021400 THERE: LDA 0,0,3 SGET WORD IN LINKED LIST
20245°3300105% LDA 25 +MSKR
00246°113400 AND Qs2 3 JUST NB IN AC2
20247°024011- LDA 1,NB
20250132415 SuB# 1,25 5NR
B0251°'000404 JMP MOVE 3 SAME BLOCK! DISCARD!
20252'054440 STA 3,S5V3

3
03253°90B4443 JSR PUSH 3 (NP:NB), IN ACO3 HOME NB IN ACI

»
098254°034435% LDA 3,S8V3
00255'@335401 MOVE: LDA 3,1,3 32ND WORD C(=LINK)
90256175113 MOVL# 3,3,SNC 3END OF LINK CHAIN?
ge257'000765 JMP THERE
00260°034423 ENDM: LDA 3,KEEP
0261175490 INC 3,3 3STEP POINTER IN X DIREC.
00262°'010425 152 XCNT 3JEND OF X SCAN?
P0263°'0BB0755 JMP LOOP 3NO
82264°'9220421 LDA 9, XRANG 3YES, GET OLD -VE X COUNT
02265°'040422 STA B> XCNT
NB266'A20422 LDA @>SIXTN
008267°'034415 LDA 3>NLEFT
20278117000 ADD 9,3 31 ROW UP, LeHe SIDE
ep271°'°010415 152 YRANG JEND OF Y SCAN?
Q0272'003745 JMP LOQPO 3NO
00273002407 JMP eSVR3 3YES, EXIT!
83274000400 XB: °
90275°'00020@ YB: %)
20276' 002000 XL: 2}
0e277°900309¢ YL: 2
PR20°*2CA000  XU: 0
8a301'200009 YU: (4}
e0302°'C00A0NA SVR3: (¢}
ga3A3'0AAING  KEEP: 0
09304°000000 NLEFT: @

e



PB3VBS ' AAACOA XEANG:
gR326° 0NN YRANGS
@a3¢7 3029 XCONT:
oaA310' 0020 STXTN:
@a31tL ' ad0Lla C100o:e
QA312'Q00D  SVa:
ga313°'009030 BYPAS:
PB314° #0525 SVP3R:
2931500639 YTGR:
BA316'356776 PUSH:
PA317°040013-
0832a3°'014773
P0321°003434

;TO GET
22322220752
@3323'024303-
B@324°'122400
02325042207~
R@326°101112
00327102400
©09332°03001 4~
B@331°'126429
02332°'142513
PA333°124001
@0334'073101
@p335°'141112
PB336'125400
B8337'0344005~
@a34a°' 920735
82341024024~
0@342°'122400
8Q343° 042010~
00344°101112
P2345'1084¢0
80346126429
08347°'142513
20350124001
PB351°'073101
8352101112
80353'125409
208354044006~

H

14

Q

o

20
109

8)

0
SVP3
YTGET
S1a
STA
DsS=
Jnp
LOCAL
L.DA
LbA
sus
STA
MOVL#
NEG
LDA
SuB
SuUBL#
CcoM
DIV
MOVL-#
INC
STA
LDA
LDA
sus
STA
MOVL #
NEG
sSus
SUBL#
coM
DIV
MOVL #
INC
STA

€-93

3,BSVP3R
BsNPNR
BYPAS FJONLY COWPUlE €OS 2 SIN

JELLO 3 FIRST TI+E =OUND
CO05 AND SIN OF THIS FDRGE

@,XxB

1, XA

1,0 3 XB-XA

0,CO0SF 3C0S5 SICN FLAG
B»0,82C 5~VE?

g,¢ 3YESs GET ARS(XB-XA)
2,L JLENGTH OF EDCE

151

2,0,5NC 3 XD>=L7

1,1,SKP 3SET ACt TO 1itlteee

P,@,SZC 3ROUND UP IF NECESSARY
1.1

1,C0OS

2,YB

1,YA

1,0 ;YB-YA

OsSINF $SIN SICN FLAG
0s,9,52C 3 -VE?

2,0

1,51

2,0,8NC 3YD>=1L7
1,1,SKP 3YES

0,0,S52C
151 FROUND UP
1,SIN

3GET TRANSFORMED CO-0ORDS OF XY

3COMPUTES:

3

3
90355°'928913- JELLO:
€8356°'0242198
99357115300
0083601234020
00361'167400
80362044535
2B363°'03340015
09364°'1170a9
80365'031400
003660062115
00367°'040537
Q0379044537
©0371°'9034003~
0@372'162409

XT=XG*COSC(AX+¥G*xSINCA)

YT=YG*COSC(A)-XGsSINCA)

LDA
LDA
MOVS
AND
AND
STA
LDA
ADD
LDA
JSR
STA
STA
LDA
sus

PsNPNB  3(NP:NB)

1, .MSKR

8,3

1,0 iNB IN ACQ

3s1 sNP IN ACt

1,0THER

35 M1

2,3

2,23 3POINTER TO NEW BLOCK
8.PON1  3SGET GLORAL CO-0ORDS
2,X

1,Y 3ACTUAL CONTACT CO-O0ORDS
3, XA

3,9




eA373°04an522
0A374°'034004~
@2375'1664L
@9376°'044520

AB377' 006716
fR43A* 54524
0a431 126529
@ea402166517
PR433' 202322
CeaR4'324517
2e4a23°137112
23406002517

QQa@7* 33006~
00410°0324506
RA0A11°102440
gya12°125112
€0413°'124449
?0414°073301
Pe4a15*'125112
2416101492
00417101002
204202100400
20421°C24010~
en422125102
00423°100429
20424115032
00425' 024470
00426030005~
03427122440
20430125112
00431121440
004320473321
9R433°125112
©0434°101400
00435101002
03436° 107400
B0A437°0240307~
P0440°125102
20441 °1030400
00P442'117000

22443'024014-
PN444°166512
P3445°'0024609
@Ba46°175112
P0447'002456

00452 °'0340055
902451029011~
0P452°'117600
02453'054445
00454°024012-
20455'335400
PB456*175112
@a457°'a3043@
004260'021400
@P461°'03@0143S

e

$LOCAL,
3

SEA:

€-99

STA 0, %G sREL. TO EDCE START
LDA 3,YA

sus 351

STA 1,YG

JSR 8YTGR

STa 3,YT 3LOCAL, TRANSFORMED Y
SUBZL 1,1

suBL# 3,1,52C 31S YT>17?

JMP SVP3 JYES. NOT TOUCHING. EXIT!
LDA TwO

ADDLY 1,3,52C 31S YT<=-3?

JMP esve3 $YES. TOO DEEP. EXIT!
LDA 2,S1IN INOWw FOR XT

LDA 1,Y6

SUBO 2,9
MOVL # 1,1,S2ZC 3SET CARRY IF NEG

NEGO 1,1 3AND MAKE AC1 +VE
MUL
MOVL# 1,1,52C
INC 9,0 3JROUND UP
MOV B,82S2C 3CARRY?
NEG 8,9 3RESTORE SIGN
LDA 1,5INF
MOVL 151,52C 3SI1CGN OF SIN
NF.G @,
MOV 9,3 3SHUNT INTO AC3
LDA 1,XG
LDA 2,C0S
SUBO B0
MOVL# 1,1,82C
NEGO 1,1
MUL
MQVL# 151,S2C
INC 0,0
MQV 9,0,S2C
NEG 0,0
LDA 1,COSF
MOVL 1,1,S2C
NEG 2,9
ADD 0,3 3ADD TO PREVIOUS RESULT
TRANSFORMED X NOW IN AC3
LDA 1L
suBL# 3,1,5%C IS XT»>L? .
JMP 8SVP3 3YES
MOVL# 3,3,52C 51S XT<9?
JMP 8SVP3 SYES
3TO FIND IF THIS CONTACT ALREADY EXISTS
LDA 35 M5
LDA 2,NB
ADD 8,3
STA 3,PRODL *REMEMBER CONTACT LOCATOR
LDA 1,NP
LDA 3,98,3 S8GET POINTER (OR -1)
MOVL# 3,3,52C
JMP CLOUD £THIS CONTACT NOT STORED
LDA ¢,0,3 51ST WORD CONTACT LIST
LDA 2 «MSKR




Cadun i apehei

2C462°113400
00463'132414
80464° 3033405
004650214081
00466°032013~
80467112415

00473000403
80471'035402
00472'000764

@82473'024431
8Q474'125503
00475°000466
80476'020405
00477225406
PR500°'107000
90531 °045406
00502°'000773
2e5083°2180900
20504°'000475"
20505°'0008466
00506000454

00597'0824415
03519°125004
gas511°*125112
80512'0038554
92513'002412
20514°'020000
92515000009
205160009090
20517002000
005208°000n0020
80521 °'100009
00522° 042000
905239006002
00524°' 000000
008525°0D00009
00526° 000300
20527000000
00530'e08126°
00531 °' 202020

90532'9034014S
00533175112
00534°3030460
90535'0314932
0053605001453
@0537°'030761
P0542°'021000
90541'055090
00542°041402

008543102400
P0544°041403

C-100

AND 2,2 3POINT (EDGE) NUMBER

suUs# 1,2,SZR 3SAME EDGE?

JMP WAVES 3NO

LDA 9,1,3 3GET FOINT,BLOCK

LDA 2,NPNB 3COMPOSITE WORD

SuB# ©,25SNR 3 SAME?
3=-~ALREADY TOUCHING=--~

JMP REN 3YES. UPDATE SIN, COS ETCe.
WAVES: LDA 3,2,3 3NOe GET LINK FIELD

JMP SEA

3ADD IN EXTRA NORMAL FORCE TO PREVENT PUNCH-THROUGH
3IF YT < -2

REN:® LDA 1,YT
INCL 1,15SNC
CHANGE: JMvP RENEW 3THIS WORD CAN BE RzZPLACED
LDA P,FORCE
LDA 1,653 3NORMAL FORCE, FN
ADD 951 3ADD IN INCREMENT
STA 1,653 3PUT FN BACK
JUp CHANGE
FORCE: 10000 3 PREVENTIVE FORCE
CHA: CHANGE
JMP RENEW-CHANGE»1
JMP HEAD=-CHANGES 1
3
3=-=-NOT ALREADY TOUCHING=---
CLOUD: LbDa 1,YT
MOV 1,1,S2R 3 THROW OUT 1IF
MOVL# 151,52C 3 YT>@
JMP WEED
JMP eSvP3
FLAG: 20000
XG: [}
YG: (v}
OTHER: @ SCONTACT POINT #
PRODL: ©
SFLAG: 1000020
CFLAG: 40300
TWO: 2
YT (%]
SVP3: %}
Xz o 3ACTUAL CONTACT CO-ORDS
Yt 0
AC2R: AC2
AC3S: 2}

’
5TO INSERT NEW ENTRYsseo
3

ENTER: LDA 3, +EMPT 3GET ADDR. IN EMPT. LOC.
MOVL# 3,3,52C 318 IT -1?
JMP FLOC 3YESs MUST USE MORE CORE
LDA 2,2,3 3GET LINK IN FREE SPACE
STA 2, EMPT 3UPDATE EMPTY LOCATOR
FROG: LDA 2,PRODL 3GET CONTACT LOCATOR
LDA 0,9,2
STA 3,2,2 3STORE NEW ADDRe. IN IT
STA 0,2,3 JPUT IN NEW LINK FIELD
3NOW PUT IN REST OF DATA
sSus 8,0 3SET ZERO IN FOLLOWING:
STA 0»3,3 3 S (SHEAR DISP)




29545°' 341434
005456°' (141 405
00547'241 496
08550'041407
€0551°054760

23552024012~

908553'a32755

B0554°'0069217S

00555'1813090
00556107000
PB557'034752
03569845409

00561 '020813-

P8562°041401
82563°020743
BP564°341412
€0565°020742
PB566°0D41413

P3S67°'020006~-

00570°041419

PB2571°'020805~

02572°A41411
20573°020721

BP0574°0300210-

ev575'151113
03576°03342A3
0@577°'024722
806030123300

03601030007~

00682°'151113
00693°000403
BB6A4°324716
0R605'123000
02606025400
0607 A30420
0610147400
20611107000
02612°'345490
P2613°002712

00614°'034007S
08615°020020S
006160249155

PR617°167000
9620122513
00621°'000424

00622°006013S

80623003007
02624202721

PN625°R44007S

2626000711
Q62717777

PBA630°354435

08631032005~

ea632' 10244
Q23633125112
AR634°124440
60635°'0273321

.Ammdmmumﬂ-uﬂﬂmﬂ‘ﬂuh“-...-.-..-.-.-“-ﬁ-.-.--.-.---.--.-i.-‘-'n--..'n-'.i

3TO MASK OFF OLD S,C,P FLAGS

STA 0,453
STA B8s5,3
S5TaA 0,653
STa 0,7,3
HEAD: STA 3,AC35
LDaA 1,NP
LDA 2,PAC2R
JSR e.TYP
MOV S 2,0
ADD @s1
LDA 3,AC3S
STA 1,8,3
LDA D,NPNB
STA @3s1,3
RENEW: LDA 2,X
STA @9,12,3
LDA P,Y
STA 2,13,3
LDA 0,SIN
STAa 2,»18,3
LDA @,C0S
STA 2,11,3
LDA B>FLAG
LDA 2,SINF
mMOVL#» 2s2,SNC
JMPp o +3
LDA 12 SFLAG
ADD 1.0
LDA 2,COSF
MOVL# 2,2,5NC
JMP «+3
LDA 1,CFLAG
ADD 1,9
LDA 1,0,3
LDA 2, SCMSK
AND 2,1
ADD 2,1
STA 1,9,3
JMP eSVP3
FLOC: LDA 3, M7
LDA Qs MEM
LDA 1,.PSIE
ADD 3,1
SUBL# 1,0,SNC
JMP NOG
JSR e.PRN1
7
JMP eS5VP3
NOG: STA 15eM7
JMP FROG
SCMSKe: 17777
3
3TO CALCULATE YT
3 INPUT: YG IN AC!
YTGET: STA 3,YTSAV
LDA 2,C0S
sSuBO @,0
MOVL# ts1,82C
NEGO 151
MUL

3SDEL (INCR. S.D.)
$NDEL CINCRe. NeDo)
3 FN (NORMAL FORCE)
3 FS (SHEAR FORCE)

3HEAD OF LIST

32ND WORD

3GLOBAL X OF CONTACT

3GLOBAL Y OF CONTACT

3SIN

3COS

J'"PRESERVE" FLAG

3ADD IN SIN FLAG IF =-VE

3ADD IN COS FLAG IF

30LD HEAD

3INEW HEAD

SNEXT FREE LQCATION
sMAX. ADDRESS POSSIBLE

3STORAGE OVERFLOW?

3NO», OK

3YESs RING THE BELL

JEXIT WITHOUT STORING
3UPDATE FREE POINTER




636125112 MOVL# 1,1,52C

006371031220 INC 0,0
Pr64CT1IOICN2 MOV #,0,S2C
Q0641103420 NEG 0,0
8A642°' 024007 LDA 1»COSF
00643'125102 MOVL 151,SEC
PC644° 107407 NEG 0,0
PB645'115C07 MOV 0,3 3PARTIAL SUM IN AC3
00646024647 LDA 1sXG
00647030306~ LDA 25SIN
00650°'102440 SUBO 0,0
29651125112 MOVL# 1,1,S2C
0P652°124449 NEGO 151
90653°073301 MUL
90654'125112 MOVL # 121,52C
00655°101400 INC 8,0

3 PB656'101002 MOV 8,0sSZC

3 BPE657°100400 NEG 0,0
BR660°024010~ LDA 1sSINF
8R661 125102 MOVL 1,1,S2C
00662100400 NEG 0,0
PB663°116409 suB 0,3 3SUBTRACT FROM PREVIOUS RESULT
00664° 002471 JMP eYTSAV
PB665° 000008 YTSAV: ©
PP656°'P24631 WEED: LDA 1,0THER 3CONTACT CANDIDATE

JROUTINE TO WEED OUT IMPOSSIBLE CONTACTS

' 90667 BA4444 STA 1,SWIT

- PP6T0* 1250085 MOV 1515SNR 3ZERO?
00671°000404 JMP TOAD 3YES
2n672'102520 SUBZL 0,0
20673°106400 suB 2:1 3TRY (POINT~-1)
P0674°'000422 JMP GETIT
PA675'126528 TOAD: SUBZL 1s1 $TRY POINT #1
806760060128 GETIT: JSR @.PON2 ;C(PONT ALREADY PRIMED)
C0677°'050435 STA 2,5V2
PATEA N34NA3~ LDA 3sXA
20701162400 sus 3,0
02702048613 STA Bs»XG 3REL X
P8703°'034004- LDA 35YA
8A704°166400 suB 3,1 BREL Y
24705°'004723 JSR YTGET
00706024615 LDA 1,THO
0727167112 ADDL # 351,52C 3YT1<=-27
0r710°002615 JMP @SVP3  3BYES. IMPOSSIBLE CONTACT
007110320422 LDA B>SWIT
PR712°1021112 MOVL # 9,95 SEC 32ND TIME ROUND
20713000617 JMP ENTER 3YESe STORE THE CONTCT
6B714°030420 LDA 2,5v2
2A715°025000 LDA 10,2 3CONTROL WORD
00716'034010S% LDA " 35 eMSKR
007171674020 AND 3,1 3NO. OF POINTS (PMAX)
00720°'176000 ADC 3,3 -1
20721°054412 STA 35SWIT SSET FOR EXIT 2ND TIME ]
00722101004 MOV 0,0, S2R
20723°003403 Jup NEWT 3SWIT MUST BE »@ ‘
00724'167000 ADD 351 3TRY POINT (PMAX-1)
00725'000751 JMP GETIT
00726101400 NEWT: INC 0,0 SOTHER +1
2n727°106415 suB# @,1,SNR 315 IT EQUAL TO PMAX?

00730°'102400 SuB 2.9 BYES. USE POINT #0




20731105000
29732'000744
A3733'020009
08734°'000000

SWIT:
sva:

MOV
JMP

2,1
GETIT

C-103




0200R-000000°
2201 -002802"
8800e2-a00377

2008A' 02002015
pOOA1 ' 106400
00BP2' 044506
PPAB3' 354477
BARAA*G50475
00065821000
aP096 ' 0240082~
- ©89307°123400
0AA1A'240504
PAB11°'126400
@0012°044475
20913°006004S
00014°020403
20015'024472
08016°C060058
©¢P017'176529
00020162512
20921°'009523
00A22°166512
700231000521
PR024°034466
20025° 162513
PeR26'1AB516
PRR27 034464
000832°166513
PeA31' 000513
00a32°' 044453

003331059200
23034°0340025

] geal5'a30447

PAN36T102499
aea37'073101
AA0A3* 137020

i AARAL 102400

CeRAD "R 4443
ABea3*n73101
00R44° 127120
aeraast127120
'3A46° 1370080
L 0RA47 (54442
anRaAsat 171000
BPOS1 020437

«TITL
3TO RE-CLASSIFY (IF NECESSARY) ALL
3THE POINTS OF ONE BLOCK IN NEW
JIBOXES.
3

C-104

REBOX

JSR €.REBX

3
3 CINPUT:
3
H

AC2 -
ACt

POINTER TO BLOCK DATA.,
- POINTER TO LOCATOR )

AC2 IS PRESERVED.

<ENT
<ENT
«EXTD
+ZREL
REBX
REBEZ
377
«NREL
LDA
suB
STA
STA
STA
LDA
LDA
AND
STA
suB
STA
JSR
JMP
LDA
JSR
SUBZEL
SusL#
JMP
SUBL#
Jmp
LDA
SUBL#
JMP
LDA
SuBL#
JMP
STA

«REBX:
+REBZS
«MSKR?

REBX:

REBZ:

COW:

PLACE:

3
CONT: MOV
LDA
LDa
sSuB
DIV
ADD
suB
LDA
DIV
ADDZEL
ADDZL
ADD
STA
MOV
LDA

PUP STEMP TEST ENTRY
+REBX»> REBZ» s MSKR
eMlsaM3,5eM4,.PONL >« PON2, « PRES, «LENG

3ENTRY WITH NB IN ACI

s M1
2,1
1,NB
3,SVRB3
2,5ve2
0s0,2
1, «MSKR
1,9
BsPCNT
1,1
1,NP

8 .PON!
PLACE
1>NP
2.PON2
3,3
3,0,S5£C
FIX
3,1,8EC
FIX
3,C1777
3,0,5NC
FIX
3,C1414
3,15SNC
FI1X
1sNY

3REGENERATE NB

3CHECK IF ON SCREEN
3X<=07?
3YESS

3Y<=@"?

FIX THE BLOCK

3X>=1023 (DECIMAL)?

3Y>=788 (DEC)?

Bs1
3s,eM3
2,C100
2,0

3FIND NEW BOX

1,3
8,0
1,NY

151
1,1
1,3
3,8B0X
3,2
@,NB

3BOX ADDR. IN AC3

iiih“‘m_m‘_“._J _““mmMhn_n_unnu-anu-u-uu-n---nul-I---l!!l-Ill-I-------—n--un-nlunluuudluullii




e S

00052024435
20953125300
30A54°* 123000
PPe55° 034502
PA0S6'00N481L
GPABS7 034437
00e60' 054426
0086173830438
PRrO62' 225400
@R063'1250a5
BBV64°0ANAS3
80065133029
B0A66°02403025
POP67°* 132512
2870000406
©0071°'92402035
88872132513
V3373'200423
B3ATA' 3704463
PAQ75'020433
PORT76'0D34410Q
RRO77°'175400
02100332760
pa131°'0000600
22102800000
00103220000
P21A4°00a100
20195°000002
©2126 000000
Qa1¢7°'da0a9ne
2011020220090
82111000009
03112081777
2113°'N01414
@d114°Q3a3e9
00115°'004000
9911690211 7°

@a117°00a023
99120177777
00121°'0200921
82122177760
0e123'020017
@et24'900021
83125177757
PA126'1771761
09127°00002B0
@3133'034753
Pe131g25¢081
00132'045400
8G133°034756
7A@134'021400
@0135°'9514¢0
aa136°'a4104d1
0137010750
001490°014754
B0141°000654
83142°'330737
0a143°'07203430

C-105

LDa 1,NP
MOVsS 1,1
ADD 1,0 $(NP:INB)Y 1N ACE
JSR FIND SFIND OLD BOX
JMP ITER 3SUCCESS! NO CHANGE
LDA 3,LIST SFAILURE! MUST SEARCH AROUND
WINE? STA 3,POINT
1L.DA 2,B0X
LDA 18,3
MOV 151535NR
JMP ITER $WHERE IS IT
ADD 1,2
LDA 1,.M3
SuUBLY 152582C
JMP NEXT sNON-EXISTENT BOX
Lpa 1,44
sSuBL# 1525S3NC
JMP NEXT 3 DITTO
JSR FIND 3TRY TH1S BOX
JMP FOUND JFOUND IT!
NEXT: LDA 3,POINT 3NO GOOD. TRY NEXT BOX
INC 3,3
JMP WINE
Sv2: 7]
SVRB3: »
OLD: ¢
clga: 190
NY £ o
FPOINT: @
NP e
NB: g
BOX: 1]

Ci1777: 1777
Clat4a: 14124

PCNT 2
FBIT: 4000 JMASTER FIX BIT (OVERRIDES MAN. BIT)
LIST: oty

JLIST OF SURROUNDING BOXES. IN EXPECTED
JORDER OF PROBABLE OCCURANCE

20
~t
1
~-28
17
21
~21
~17
P
FOUND: LDA 3,0LD JGET CALLING ADDR
LDaA 51,2 SEXISTING LINK
STa 1,853 3BRIDGE ACROSS ENTRY
1.DA 3,B0X 3NEW BOX ADDRESS
LDA 2:2,3 sPOINTER (OR =1)
5Ta 2,8,3 3PUT IN NEW ADDRESS
STA @,1,2 JICOMPLETE LINK
ITER: I1s& NP INEXT POINT
DSZ PCNT
JMP COm INEXT POINT IF NOT DONE
LDA 2,5ve
JMP PUP }UPDATE ANY PRESS. SEGS

.,um_mummumuhun.I--.-...--.--.-..--.-N.-.-..-—‘--ﬂ'ﬂﬁ-.““'--“



; C-106

90144°' 044741 FIX: STA 1.NY
0@145'025000 LDA 1,0,2
R0146°034747 LDA 3,F8BIT
03147167415 AND# 3,1,SMNR S SKIP IF FLAG ALREADY SET
NA15A* 167000 ADD 3,1 ADD IN MASTER FIX FLAG
@2151°345c09 STa 1,652 $PUT CONTROL WORD BACK
06152176400 SUB 3,3 5ALLOW "INVISIBLE®
0P153°'A55029 STA 3,20,2 3BLOCKS
@0154°055021 STA 3,21,2 3 10O
ge155'055022 STA 3522,2 SGINTERACT
00156000655 JMpP CONT FJKEEP CGOING

s ROUTINE TO FOLLOW CHAIN TO FIND (NPINB)
B8p157°'050724 FIND: STA 2,0LD 3CALLING ADDR
00160'031030 L.DA 2,9,2 sADDR OF 15T WORD
20161°020437 JMP MID
02162'025002 ROUND: LDA 1,0,2
@a163°136415 suB# @s15,SNR ;COMPARE
20164°'001400 JMP 2,3 3SUCCESS! ADDR. IN AC2
BB165°145400 INC 2,1
P0166°D44715 STA 1,0LD 30LD LINK ADDRe.
00167'3319001 LDa 2,1,2 3CGET LINK
9@178°151112 MID: MOVL# 252sS2C 3END OF CHAIN?
v0171°'201401 JMP 1,3 3YES. FAILURE EXIT
66172300770 JMP ROUND

ROUTINE TO UPDATE FX, FY IN ANY
PRESSURE SEGMENT FOR BLOCK NB

we W e

r
02173'021980 PUP: LDA 0,0.2
PB174°024506 LDA 1,PMSK
Ra175%123415 AND# 1,02SNR 3QUICK CHECK FOR PRESS.
P2176'002704 JMP eSVRB3 NONE FOR THIS BLOCK A
P0177°'039226S LDA 2, «PRES
00202°'0347106 GRAPE: LDA 3,NB
00201°'151113 PLUM: MOVL # 2,2,SNC
00202'0CN403 JMP «+3
002@3°'Q30676 LDA 2,5v2
09204°002676 JMP eSVRB3 FEND OF PR. SEG. LIST
20205'225000 LDA 1,0,2 JNFNB THIS SEG.
5 09206020002~ LbA 0, «MSKR
i 20207123499 AND 1.0 sNB1 (BLOCK #)
1 002218°116415 suB# 0,3,5NR 3SAME BLOCK?
20211°'000403 JMP PRUNE 3YES3 UPDATE FX»FY
; 20212°'031902 LDA 2,2,2 3NO» GET NEXT LINK
: 00213'000766 JMp PLUM
s 20214°126700 PRUNE: SUBS 2,1 NP1 (EDGE #)
3 09215'¢50466 STA 2,PR2 3CURRENT PRe LIST POINTER
9R216'0335001 LDA 3,152 JFORCE
00217°¢54465 STA 3,FORCE
00220044465 STA 1,NPREM ;REMEMBER 1ST CORNER
00221°'034201S LDA 3,.M1
00222°'117000 ADD 2,3
00223°031400 LDA 2,90,3 3BLOCK POINTER
00224°'Q060075% JSR e.LENG 3GET LENGTH
00225040461 STA 2,L
20226 0056004S JSR #.PON1
00227°'043460 STA 2,XA
Q0230°044469 STA t,YA
00231'024454 LDA 1 ,NPREM

00232°125400 INC 1,1




A0R233'021¢009
PE234° 0343072~
00235163400
00236174415
008237'126419
9982433060055
09241°0C30445%
80242112429
P0243'155009
20244°044445
20245024437
00246102440
0247151112
BR250'150409
80251'073301
98252°030434
08253'973101
De254'175112
80255124409
00256 N44434
@0257'032432
A0263°'023439
00261'112490
00262155000
BB263'324421
P0264°'102449
Q0265151112
00266'152400
@3267'073321
90270°'039%416
90271°'37310}
ge272'175112
0902731244929
09274933497
PA3275'345304
00276'024414
20277245005
a3aa‘a31¢a2
00301°000677
003022004900
033983°003020
2a304'032300
80A385°'000920
03306000000
023027°'002020
00310°'002309
03311°'020009
00312'200002

i AR ..\ ok A O

PMSK:
PR2:
FORCE s
NPREM:

L:
XA
YA

YB:

FY

LDA
LDA
AND
Susw#
SuB
JSR
LDA
sSus
MOV
STA
LDA
SuBO
MOVL ¥
NEG
MUL
LDA
D1V
MOVL#
NEG
STaA
LDA
LDA
suB
MOV
LDA
Suso
MOVL #
NEG
MUL
LDA
DIV
MOVL#
NEG
LDA
STA
LDaA
STA
LDA

TNV ®D C,
e X
[\ ¢

m
=
o

0,322
3s «MSKR
3,0
2515 SNR
1s1
€.PONR2
2+ XA
0.2

2,3
1,Y8B

1 >FORCE
@,0
2521>5%C
22

2,54

323,5%ZC
1.1
1-FY
2:Y8
a,YA
2,2

2,3
1,FORCE
2,0
2,2»52C
2,2

2,L

3,3,S2C
1,1
2,PR2
1,452
1,FY
1,5,2
2,2,2
GRAPE

C-107

SNC
5CHECK FOR LAST CORNER

s (XA=-XB)
3SAVE FOR SIGN

3CHECK SIGN

3 RESTORE SIGN

3CYB-YA)

3C(YB-YA)*F/L
JFX
JSTORE FX IN LIST

3FY IN LIST
SLINK




P02RR-02R001"*
BRYB1-0E0149
00092-0003040

«MOT:
«ROT:
«TREC:

SAVE:
MOT:

poeen T eoece?
geec1'es54777
P0EC2°'034201S
0023230354547
e0A24°0314¢09
89eas*1s51ees
peres o772
o020237°021014
0201@'101085
00211000524
PPR12°'021000
00913024540
P0014° 10374094
00015'000520
80016021007
20017025005
20028°'004535
Ro20G21 845095
PBA22°'0356532
023039002~
00024° 1024080
20925135009
g0826'125112
P0027°124400
A0N392* 146512
@0031'002516
8eA32°731¢1
96933°'938521
PeN34'nN21002
vRv35*'175112
PRN36'000495
@2037'122023
A0040°000417
20041011001
w6042° 003405
P0A43°124420
00044123022
8aa45°' 3093412
po046°A150C1
NORA7'045020
20059°'041002
oons51°'224501
PANs2°006003S
20953°0340948%
02954° 1750385
2ANS5°'0062025
00056002403
0005745929
@eu6a'04a1302

MOT1:

FLIT:

CHECK:

2aB61°0219016 NUT:

STITL
3ROUTINE TO APPLY LaW

«ENT
<EXTD
«ZREL
MOT
140
40
«NREL
0

STA
LDA
STa
LDA
MOV
JMP
LDA
MOV
JMP
LDA
LDA
AND
JMP
LDA
LDA
JSR
STA
STA
LDA
SuUB
MoV
MOVL #
NEG
SUBL#
JMP
D1V
LDA
LDA
MOVL #
JMP
ADDZ
JMP
152
Jup
NEG
ADDZ
JMP
DSZ
STA
STA
LDA
JSR
LDA
MOV
JSR
JMP
STA
STA

LDA

MOTIO

31/TDEL

3,SAVE
3s M1
3,BLOCK
25053
2525SNR
8SAVE
BGr14,2
©s0,SNR
SKIP
0s0,2
1,FMS5K
@,155E€R
SKIP
B>7s52
15,2
ADDMX
1,552
2,5V2
25+ TREC
%]

1,3
151,52C
151
2,1,S582C
FLIP

2,5V2
3,2,2
3,3,SZC
FLIT
1,0,SNC
OK

1,2
CHECK
1,1
150,S52C
]9

1,2
1,20,2
8,252
1,BLOCK
€.REBX
3,.PFLG
3,35 S5NR
e.DISB
NUT
1,20,2
0s2,2

Ps1652

OF MOTION TO ALL BLOCKS
+MO0T, «ROT»+TREC
«M1,+DISB,«REBXsPFLG

C-108

3EXIT!
3 AREA
JEERO AREA. SKIP!

3TO DETECT “FIXED" FLAG

3FXSUM

;0LD X-VEL

3SNEW X-VEL

SJKEEP FOR SICN

3BYPASS IF ANSWER WILL BE O
5 INTEGER DIVIDE
3 XCCLOW)

3WAS NEGATIVE

3 INCREMENT XC(HIGH)

3DECREMENT XC(HIGH)

5 RE-CLASSIFY THIS BLOCK

3DILTA-XC
JINZWw XC(LOW)

3FYSUM



£0062'025015
00063° (04472
000647045015
poe65' 30002~
00066102400
P0a67°135000
PanTN*tasite
20271124400
DBaR72146512
80073023451
A3074°073101
92075°'0333457
29076321004
0077175112
PR130°'0032a5
90101°123023
22102000417
20193°'011003
P0104°0003405
20185'124490
28186°123022
9210700412
29110°015803
Po111°'045021
$e112°041004
00113°'024437
P2114°'006003S
08115°0340043
Q29116175005
801170060025
20120'0033469
92121'045a21
002122°'041904

021230038455

20124°'021023
00125041907
Po126'021024
0R127°025014
20130°122480
00131°041016
00132°102498
90133°041017
07134°020435
00135'1324900
BR136°041007
93137041416
09142°'041017
001417034411
89142°175400
02143'000640
00144°'933410
07145°241021
608146°0rA432
03147°833425
PA152'A41020
oB151°000710
Qa152°' 000003
90153°'314003

FLITS:

CHECS:

OKS:

CLOT!?:

SKIP:

PAST:

FLOP:

FLIP:

BLOCK:
FM5K:

LDA
JSR
STA
LDA
sus
MOV
MOVL#
NEG
SUBL#
JMP
DIV
LDA
LDA
MOVL#
JMP
ADDZ
JMp
182
JMP
NEG
ADDZ
JMP
DSZ
STA
STA
LDA
JSR
LDA
MOV
JSR
IMP
STA
STA

JMP

LDA
STA
LDA
LDA
SuB
5TA
Sus
STA
JMP
sus
STA
STA
STA
LDA
INC
JMP
LDA
STA
JMP
LDA
STA
JMP
%)
14099

1,15,2
ADDMX
1,15,2
2,»«TREC
0,98

1,3
1,1,5£2C
1,1
2,1,8ZC
FLOP

;0LD Y-VEL

JNEW Y-VEL

3CLEAR HI PART
JSAVE FOR SIGN

JBYPASS IF ANSWER WILL BE @

3 INTEGER DIVIDE

2,8v2
@,452
3,3,52C
FLITS
1,8,SNC
OKS

3,2
CHECS
1.1
1,0>SZC
OKS

3,2
1,21,2
D,452
1,BLOCK
e.REBX
3,«PFLG
3»,35S8NR
e.DISB
CLOT
1,21,2
G,A:2

CLOT

2,23,2
B,7,2
0s,24,2
1,14,2
1,0
@,16,2
2,0
@,17,2
PAST
2,98
B,7s2
Bs1652
BGr,17,2
3,8BLOCK
3,3
MOT1
2,5v2
@,21,2
CLOT
2,5V2
2,20,2
NUT

SYCCLOW)

3INCREMENT YC(HIGH?

JDECREMENT YC(HIGH)

SJRE-CLASSIFY

sPLOT JUST THIS BLOCK

3DELTA-YC
INEW YC(LOW)

sNOW FOR MOMENTS

3X LOAD
JINIT.
3Y LOAD

XF SUM

3GRAVITY FORCE

SINIT. YFSUM

3SET MSUM TO ©

IXFSUM=9
3YFrSuM=9g
3MSUM=0

3SET DELTA-YC TO 0

$UFIXED™ MASK



215402010

0155125070
22156175112
@A1ST U245
90160° 121113
a6l 0lNanT
PP162'1070¢0
20163'021400
8164161113
e2a165'aaaTiIs
08166°124409
20167100449
eat7a'107a39
BO171°020406
90172106432
©0173'105000
83174125002
Q@a175°124402
93176201400
8R177°'037777
V2200° 126430
0r201°'021017
00202°'031013
00203115000
00204101112
802351083408
Q0206 142432
00207124891
002100273101
00211125229
go212°125220
80213125220
80214°'175102
202151124400
002161210030
20217°93@735
20229'025006
00221004734
09222945006
00223°'030001-
80224102400
00225*135900
20226*125112
002271244090
PR230* 146513
20231°'0006410
80232°'038702
RR233°0Dalp22
00234020670
02235°024715
20236°006093S
00237'000665
002400400070
03241073101
go242°'030712
0R243'175102
090244124400

SV 6]
3

3TO ADD ACO TO AC1,
3LIMIT SEY TO THE

ADDMX:  MOVE
MOVL#
JMP
MOVL #
JMP
DIF: ADD
JMP
Al MOVL #
JMP
NEG
NEGO
POS: ADD
LDA
SuBz#
MOV
MOV
NEG
JMP
MAX: 3771717
CLOT: SuB
LDA
LDA
MoV
MOvVL#
NEG
SUBEZ#
coM
DIV
MOVZR
MOVZR
MOVZR
MOVL
NEG
MoV
LDA
LDA
JSR
STA
LDA
sSuB
MOV
MOVL#
NEG
SuBL#
JMP
LDA
STA
JMP
CLOT2: LDA
JSR
JMP
TEST: 40000
TREE: DIV
LDA
MOVL
NEG

151
1,1,52C
Al

0,0, 5NC
POS

2s1

9,3

@, 02S5NC
DIF

1,1

0,0

gs,!
9,MAX
0,15S2C
Os1
1,1,52C
1,1

2,3

1,1
@s1752
2,13,2
9,3
0>08,SZC
8,0
2,8,S82C
1,1,SKP

1-1

1,1

1,1
3,3,SEC
151

1,9
2,8ve
1,652
ADDMX
1,62
2,ROT
2,0

1.3
1,1,82C
151
251,SNC
TREE
2,5V2
0,22,2
CLOT!
1BLOCK
8. REBX
CLOTI

2,5v2
3,3,S52C
151

WITH AN UPPER
ANSWER IN ACI1

C-110

3CLEAR CARRY

3BOTH +VE
3JBOTH SIGNS DIFFERENT
JEXIT

5BOTH DIF
3BOTH -VE
SNEGATE BOTH. SET CARRY

3LIMIT MAX VELOCITY
3FLAG?

3YES», NEGATE!
SEXIT

3CLEAR LOWER
3MSUM
;1 1 W

3SAVE M FOR LATER

3ABSIMSUM)
3CHECK FOR OVERFLOW

3) «ROT ERR §
3)/8
3) 3

3RESTORE SICN

30LD ALPHA-DOT

SNEW ALPHA-DOT

[ Mok i 14 VSRS oA ATI s
1

JCHECK FOR UNDERFLOW

5 2ZERQO DELTA~ALPHA
iNO MORE TO DO




O TEET TR FeE

B

0e245'021912
2461123003
80247125120
0e250°'125120
PA251'125120
23252045022
@Q253'34a514
90254105102
90255100499
B0256°'024762
20257122513
00260009495
202611210932
002621034929
00263'941012
P(264°0306409
98265° 122462
00266100490
20267'3410812
0B270°'0824590
faa271°'031011
00272192400
28273°'0733A1
2%274'125112
882751014009
09276'A30656
PR277°025000
0A300°044471
RB301'125100
20302'A34465
@93083°*t751t2
00304°1759%69
@ea305°125112
00386125060
993087°'035010
20319125003
Q8311°'00A404
ga312*117022
@0313'1760200
82314°'0092413
00315116422
99316000411
20317174420
00320°225000
29321125100
09322°125109
92323125069
00324°1252¢9
80325125200
833260345000
99327025010
8@330°'055010
20331039437
00332°'102400
p333°'073321
9@334°125112
86335101409
00336'024433
8@337°125109
90340°125100

CHAN:

CARO:

PRUNE?

LDA
ADD
MOVEL
MOVZL
MOVZL
STa
STA
MOVL
NEG
LDA
SuBL#
JMP
MOV
NEG
STA
JMpP
SuscC
NEG
STA
LDa
LDA
SuB
MUL
MOVL#
INC
LDA
LDA
STA
MOVL
LDA
MovL#
MOovC
MOVL#
Move
LDA
MOV
Jmp
ADDZ
ADC
JMP
SUBEZ
JMP
NEG
LDA
MOVL
MOVL
MOVC
MOVR
MOVR
STA
LDA
STA
LDA
sus
MUL
MOVL#
INC
LDA
MOVL
MOovVL

Pr12,2
1,0

1,1

151

151
1,22,2
Q»SICN
8s1,52C
9,9
1,TEST
1,8,50C
CHAN
3,9,82C
3,0
8,12,2
CLOTI
1,9,52C
3,0
3,12,2
1,AMAX
2511,2
0,0

1,1,52C
0,0
2,5ve
1,9,2
1»SFLAG
151
3,SIGN
3,3,82C
3,3
1,1,S2C
11
3,10,2
1,1,5NC
CaRO
0s3,S2C
3:3
PRUNE
0,3,52C
PRUNE
3,3
1,9,2
1.1

1,1

151

11

1.1
1,9,2
1,18,2
3,10,2
2,AMAX
29,0

1,1,52C
0,0
1,SFLAG
151
151

C-111

s ALPHACOLD)

3ADD IN D-ALPHA
3MAKE UP TOTAL SHIFT
i TO B8 BITS

3DELTA-ALFHA

JKEEP SIGN FOR LATER
3-VE? (CGARBAGE IN'ACD)
3YES (C IS SET)

;IS ALPH>= 17647
3YESs INCRe COUS % SIN
;kAS SIGN -VE?

JYES. RESTORE IT
SALPHA(NEW)
JFINISHED!

3 SUBTRACT ALPH((MAX)

SALPHACNEW)
3SIN
JMULT. BY aMAaX (1/64)

JROUND UP
3(SIN*AMAX NOW IN CAD)
iSIN FLAG

JPUT FLAG IN CARRY
3DCALPHA)Y FLAG

51S COS FLAG SET?

3YES. COMP. CARRY

3CLD COS

3SAME SIGNS, C & D(CY?
3¥YES. SUBTRACT!
3COS+D(COS)

38ET TO MAX IF OVERFLOW

3C0S-D(COS)

3J0OMPLEMENT COS FLAG

3URPDATE CONTROL WORD
sQLD COS
sngw COS

3 KTIUND UP

3 5IN FLAG
3BECOMES COS FLAG
300 IN CARY



00341°034426
BP342'175112
90343175060
BR344°030610
903450250008
pp346°125112
@@347°'125060
23350'0354311
p235t 125002
2035200084024
9@353'117¢22
Q0354'176600
g9355'08nalo
203356116422
eR357' 000406
80362174400
$v361'125100
pB362* 125060
82363125200
00364'9452099
09365'055011
00366020647
00367002000
PP370°'021009
PY371'P00000

SARO:

PLUM:

SIGN:
aMAax:
SFLAG:

LDA
MOVL#
MOVC
LDA
LDA
MOVL #
MOV(
LDA
MoV
JMP
ADDZ
ADC
JMP
suBz
JMP
NEG
MOVL
MovCe
MOVR
STA
STA
JMP

1220

- END

c-1m2

3,SIGN  3DCALPHA)Y FLAG
3,32S2C

3,3

2,5Vve

1,8,2 3SNEW CONTROL WORD
151,52C 31S SIN FLAG SET?

[P 3YES. COMPLEMENT C
3511,2 50LD SIN

1,1552C 3SAME S5IGNS, S & D(S?

SAR0O 3NO. SUBTRACT!
053,SZC FSIN+D(SIN)

3,3 3OVERFLOW

PLUM

853,SZC JSIN - D(SIN)

PLUM 3NO SIGN CHANGE

3,3

1,1

151 $COMPLEMENT SIN FLAG

1,1

1,8,2 $UPDATE CCONTROL WORD
3,1152 3NEW SIN

cLQT2 $ROTATION DONE

517128 (DEC)

2?

H

PR wtotin 1. oSt



20Q0A-000030

‘20001-000100°

02Qa2-0320356"°
NeYA3-000as3’
80904-000271
00005-000009

200N’ 000aal
ooga12

00001054444
82302020444
B0003'024444
00004°'0206001S
P0005°'22@000
P3006'006016S
20007°'0200173
00010°101005
2A011°002434
09012°00601 48
@an13'200ag4
00014°'Q06015S
803151777717
20016000073
Pe317°001356
20020020430
0AA21°024430
00022°'006001S
00023'000002
00A24°0060165
20a25°*02e017S
2702600601 A4S
00227°000004
82030°'0M6215S
72031 'areNtL 5"
29e32°'001415
00833°'00A843
299034°'006020S

STITL DISPL

3TO DISPLAY ALL BLGOCKS,

3 THE SCREEN,

3

Ve W Wb We W Be Be Be W we we

+PLOT:
«DISS:
+DiISP:
«.D158:
+LPLS:
«NVEC?

DRIVE:

JSR @.DISS ..o

JSR 2.DISP ...

JSR @.DIS3 ...

JSR @.LPLS «.o

Cc-113

CENTROIDS ON
OR ON PAPER

SCREEN ENTRY

PAPER ENTRY

PLOT SINGLE BLOCK
ON THE SCREEN

(AC2: BLOCK POINTER)

TO PLOT LOAD VECTORS
ON SCREEN

<ENT «DISS,.DISP,»«D1SBs NVEC,LPLS
+EXTD o PLTSs «RLNCs « PON15 «PON2, oMY s « PRINVY
+EXTD eMSKRs etNUMs e SCALS - LFAF» «LENG
«EXTD ¢ IPRN, eMESS» «ALPH, «UD» « AXIS

+EXTD «PRESs « IPRNs> «NVEC

<EXTN FEET

3TO PLOT AXESeees

AXES:

«ZREL

(4}

DISS

D1sP

biss s SINGLE BLOCK ENTRY
LPLS

% 3FLAG TO PRINT LOADS
«NREL

1

«RDX 10

STA 3,A4X5AV
LDA 2,1
LDA 1,82
JSR e.PLTS
0

JSR e.ALFPH
LDA 9s.UD
MOV 0,0, 5NR
JMP 8AXSAV
JSR 2. IPRN
4

JSR € .MESS
FEET

59

750

LDA 9,A3
LDA 1,A4
JSR @.PLTS
%)

JSR 8 +ALPH
LoA 8,.UD
JSR €. 1PRN
4

JSR ® «MESS
FEET

781

35

JSR @.AX1IS




Qea3s 'aPrelr2
aQAa36° 000321
eea3rracoat
QAAAJ OREA295
aaoal1*176345
2004200001
80043000201
2044022401
20045022030
207246°'aQA2CN3
047091356
00050001265
20051 °'000043
oeoa10

P0052'960273"°
0e@53' 020001
00054°'042000~
80AS55°'020465
0B056'054524
02A57°n20721
AA068°'062074
000611020460
P02062°024455
2@v63°030455
00064050000~
20865°'006002S
90366°125005
ABA67 003403
een70°'as3077
eoa71°'00RA766
00072028444
00073°04044])
00074'020012%
00075'101004
00076'006754
@R077°'000407
2a100°'0200018
20101040000~
20102'020433
00103°'040431
00104°054476
001085°004674
00106°'034005S
P2107°A54472
00110°031 400
ea1tt1°1510as
00112'00041 4
02113'021014
02114101005
9A3115°'200406
go116'021000
00117024595
80120°123414
00121°'pA6413
00122°004420
00123°'034456
06124'175400
00125'000762

AXSAV:

AL
A2:
A3
A4

3
DIR:

D158

DISP:
TRY:

DISS:

SUN:
RATIN:

WIND:

DIREC
LDA
STA
JMP
STA
LDA
DOB
LDA
LDA
LDA
STA
JSR
MoV
JMP
HALT
JMP
LDA
STA
LDA
MOV
JSR
JMP
LDA
STA
LDA
STA
sTA
JSR
LDA
STA
LDA
MoV
JMP
LDA
MOV
Jup
LDA
LDA
AND #
JSR
JSR
LDA
INC
JMP

@.AXIS

eaxs5ay

0,«PLTS
0, PLOT
SING
3,5Vv3
P,DRIVE
B>LINC
@,BLK
1,0NBLK
2,CORE
2, PLOT
e «RLNC
1,1,5NR
«+3

TRY
Q,FFP
0,FFR
@, -LPAP
Br0BsSER
eDIR
Sun
@,.PLTS
@, PLOT
BsFFS
@sFFR
3,5VvV3
AXES

3, M1
3,BPNT
2,053
2,25 SMNR
FINAL
©0,14,2
05,0, SNR
WIND
2:9,2
1,"MSK
1,0,352R
eFFR
SING
3,8BPNT
3,3
RAIN

C-114

JREAD IN PAPER PLOT ROUTINE

3 TAPE ERROR

3L0ADS NEEDED?

3YES

3 SCREEN~-PLOT POINTER

3PLOT AXES ON SCREEN ONLY

3NO MORE BLOCKS
3 AREA
JZERO?

3YES, SKIP THIS BLOCK

IFIXED BLOCK?
JYES, PRINT AN “F*
3PLOT THIS BLOCK




C-115

-

00126°102499 FINAL: SUB 0,0
PAB127'106400 SusB 1,1
23133'006220~ JSR @.PLOT JKESET BEAM/PEN TO LOWER
02131°002032 0 3 LEFT-HAND CORNER
@a2132°00r6016¢% JSR 8.ALPH
9e133'022447 JMP esv3 JEXIT
03134°'0532230  FFR: 0
03135'0A0237" FFS: FF
@0136'@01225" FFP: LETT
P2137°'C0E031  NBLK: i
92140°'000 440 CORE: 4492
03141'020555 BLK: 555
3 3
1 P0142'054435 SING: STA 3,583 JROUTINE TO PLOT A BLOCK
08143°021201 LDA 95152
90144°025093 LDA 103,52
PR145°0356020= JSR 8.PLOT
PA146° 1777717 -1
20147021000 LDA 9,052
02150'A24007S L.DA 15 +MSKR
22151107420 AND B8 3INUMBER OF POINTS
E 82152°'3444°6 sTA 1sNPNTS
§ @20153'126400 suB 1,14
1 00154'344427 STA 1sNP
80155°006AA3S JSR €.PON1 GET X»Y FOR FIRST POINT :
- 0A156'040425 STA 2, X0 3REMEMBER THEM FOR ;
@3157 1343426 STA 1,Y0 3 LAST LINE.
P0162°CH6A0R~ JSR e.PLOT 3PLOT A POINT
N 93161 °¢P0A00 %) JREAM OFF/PEN UP
22162°000404 JMP HalL ;
P0163°'0A6004S FOG: JSR 8.PON2 32ND» QUICK ENTRY
00164°'0367300~ JSR €.PLOT
00165°'000031 1 38EAM ON / PEN DOWN
P0166°21041S HAIL: 152 NP
PR167'024414 LDA 1,NP
) 00170°'014410 DSE NPNTS
02171°80Q772 JMp FOG SHAVEN'T REACHED LAST POINT YET
209172°920412 ’ LDA 2,X0 JGET FIRST POINT BACK
901731024412 LDA 1,Y8
OP174' 006000~ JSR e.PLOT PLOT 17
6Q175°000001 1
3 P0176'002401 JMP €583 JEXIT
' 3
3 00177000002 SB3:
3 00200°'000300 NPNTS:

- 002031°'300030 BPNT:
b 90202°'000000 SV3:
00203000030 NP:
00204°003300 X0:
00205°000000 YOB:
08206°'0A02720 CSV3:
3TO PRINT *F' ON FIXED BLICKS

QRN

90207'054777 FF: STA 3,CS8V3

Qpe210°'021001 LDA 9,1,2

90211'025003 LDA 1,3,2

00212°A34411 LDA 3>FIVE

90213°163000 ADD 3,9 |
00214167000 ADD 3,1 \
20215006000~ JSR e.PLOT JFET BEAM POSITIONED

00216'000000 )

[]
]
]
N




09217°'006016%
90220°'00600a6s
00221000106
09222'002764
00223'0000205
00224'01 4000

20225°054432
00226°'050433
PN227'032433
20230°'102409
8A231°040417
90232°021000
90233°195305
P0234°'200421
00235'N34007%
00236167400
Q0237163400
00242'151400
0R241°'050417
99242°'030417
002439235001
00244°'163000
00245'035003
00246°167000
00247 '006000-
00250 '000030
00251°102520
PB252°'040776
P0253°02324a5
83254'00Q756
00255°'330404
00256002401
09257 000A0CQ
00260°'000290
00261000002
09262°000263°
00263907912
093264'207005
00265°0024085
00266°'005005
@@267°'gasalra
20270 0@003Q

@0271 020001 s
00272°04¢000~
00273054572
08274°@34095$
0027570290108
00276°043563
08277°054563
A237A'A31400
02301°021014
2a302'10180S
023037000463
0A3a4°'9221001
00335°9250a3
0A394'aC602A~
22397 °'A00aa9
833129325914

FIVE:
FMSK:

JSR
JSR
"F
JMP
5
14@@a

@ .ALPH
e .PRN1

eCsv3

3ALPHA

3PRINT "F*

37O PLOT A LETTER ON PAPER

LETT:

PLOOP:

MODE:

END:

SNOT:
1T2:
sv2:
POINT:

3 T0 PLOT LOAD

LPLS:

DIREC:

REPT:

STA
STA
Lba
sus
STa
Lba
MOVS
JMp
LDA
AND
AND
INC
STA
LDA
LDA
ADD
LDA
ADD
JSR
2
SUBZL
STaA
LDA
JMP
LDA
JMP
2

2

e
o]
7812
7885
2495
5005
56810
2

LDA
STA
STA
LDA
LDA
STA
STA
LDA
LDA
MOV
JMP
LDA
LDA
JSR
e

LDA

3sSMOT
2,5v2
22POINT
@,3
@,MODE
0,0,2
@,15SNR
END

35« M4SKR
31

3,0

2,2
2,1T2
2s,5Vv2
31,2
3,0
353,2
3.1
8.PLOT

8.8
S8»MODE
2,172
PLOOP
2,5v2
eSNOT

JLETTER

VECTORS
Psr«PLTS
Bs»PLOT
3,RVEC
35 oM}
BseNUM
DsXNT
3,PNT
2,0,3
@sla,2
8,0, SNHR
TRIP
2s1,2
1,3,2
.PLOT

1»14,2

(XY

3Y
IX

3 XG
3 XP

IYP

NF"

JSKIP ERASED BLOCK
3IXC
I A {1

JRELIGHT

C-116




2Aa311°'044562
80312°050551
Qp313°'2C6011S
f@314°'330547
a0315°'021001
BO316°035003
QM317°'136420
0023292°165000
0a321'306¢e0-
20322'2308001
AN323°' 0260168
pa324'02@547
@@a325'90Q2601 4S8
P0326°002004
g@327°'03A534
00330021021
©00331°025023
#@332'006000~
923330223009
"B334°' 025023
@0335'044536
003360060118
©@337'332524
00349°021001
28341°107000
@0342°@44522
P0343°'025024
00344°(?44530
PB345'006A113
92346°032515
00347°'021003
©0354°107000
80351°02a513
83352'006000~
£0353°000021

02354°'020005-~
©0355°'101025
©80356° 000410

003572060168
80369020513
003610060148
vA362°'00A004
98363°029511
08364°0060143
003650000034
g0366°010474
QB367°034473
©0370°014471
©0371°300707

093720300218
AA373*'151112
60374°0A2471
20375°'025020
0@376°020007S
PB377°'050467

STA
STaA
JSR
LDA
LDA
Lua
sSuUs
MOV
JSR
1

JSR
LDA
JSR
4

LDA
LDA
LDA
JSR
5]

LDA
S5TA
JSR
LDA
LbA
ADD
STA
LDA
STA
JSR
LDA
LDA
ADD
LDA
JSR
1

LDA

MOV

JMP
H
JSR
LDA
JSR
4
LDA
JSR
4
1Sg
LDA
DSz
JMP

TRIP:

H

3TO PRINT JOINT
H

LDA
MOVL ¢
JMP

LDA

LDA

STA

PLUM:

Toww
2,AC2
e.SCAL
25AC2
@s1,2
3,3,2
1,3
3.1
e.PLOT

e.ALFH
OrWh
8. IPRN

2,AC2
Bs152
1,3,2
@.PLOT

1,23»2
1ol
#.SCAL
2,AC2
0,152
2,1

1, XVEC
15,2452
1,VV
e.S5CcAaL
2,AC2
0,3,2
Bs!

2, XVEC
e.PLOT

B, -NVEC
B,95,SNR
TRIP

8 «.ALPH
P
e.IPRN

B,VV
@.IPRN

PNT
3,PNT
KNT
REPT

C-117

3 XC
3xC

5CENTROID AGAIN

3X LOAD
3SCALE IT

3XC

;Y LOAD

3YC

JVECTOR NOW IN ACO3ACI

J«NVEC IS THE FLAG TGO PLOT/Nu g
3 THE MAG. OF APFLIED LOAD:
3@ MEANS NO PLOT

PRESSURES

2, +FRES
2:,2,82C
8RVEC
1,0,2
@, «MSKR
2,PR2

JEXIT
JCONTROL WORD

E




204Q9'123403
aRan1*106720
20402044465
@403 0340455
@0404° 117200
2A40570314C2
2aap6* (62138
BNaB7'040451
efd413°'a21214
00411101085
NB412°000442
20413°' 03060035
22414°040454
f0A415'(144454
0416024451
PN417°125400
8024200219200
202421 °034007S
00422° 163400
20423106415
00424126490
00425°'006024S
R0426°'034442
9427163220
04300334441
@a431°167224
£0432'334440
PR433'162400
P2434°166420
@aa3s5°'a206901s
Q2eAa36'A0NAN0
00437°'206016%
04400360068
03441°'000052
PR442°' Q302424
00443°'225001
00444°'1082440
00445°'930412
B0446°073301
003447'930411
00450°'973101
08451121000
20452° 0060148
00453°'000005
00454°'030412
02455'031092
@R4cL ..' 003715
000012
2@457°a00175
00202010
0A460° 0000392
83461 "'0000%27
P0462°'000000
80453'000000
0CA64°'000020
20465°000000
00466000000
20467202000
20479°'0030a00
20471000000

FRED:

N125:

LENG?
KNT:
PNT?¢
AC2:
XVEC:
RVEC:
PR2:
NPREM:
XAAL
YAA?

AND
SUBS
STA
LDA
ADD
LDA
JSR
STa
LDA
MOV
JMP
JSR
STA
STa
LDA
INC
LDA
LDA
AND
SuB#
SuUB
JSR
LDA
ADDER
LDA
ADDER
LDA
sSuB
suB
JSR

JSR
JSR
IC*
LDA
LDA
SuBoO
LDA
MUL
LDA
DIV
MOV
JSR

LDA
LDA
JMP
+«RDX
125
«RDX

DO E

1,9

0,1

1 »NPREM
3s Ml
e.3
2,03
8.LENG
@,1.ENG
Gs1452
@:0,SNR
FRED
e.PON1
s XAA
15 YAA
1,NPREM
1,1
2,0,2
3, «MSKR
3,0
@,1,8KNR
151
a.PON2
3, XAA
3,0
3s,YAA
3,1
3,NNS
3,0

3,1
@.PLTS

@.ALPH
@.PRN1

2,PR2
1,152
0,0
2,N125

2,LENG

1,9
@+ IPRN

2,PR2
25252
PLUM
10

8

TR T e s ATeens

308 .
SNP C-118

$ELOCK POINTER

;SKIP ERASED BLOCK

3CONTROL WD

3NC
JCHECK FOR LAST CORNER

3(XA+XBY/2

3(YA+YB)/2

3FORCE

SLINK

e e e

o g e




03472300005  NNS:
BBA73'ARAA0A  Ww:
03474000000 VV:




QACAN=-200000
a1 -0a3a00
Qean2-008030
2enn3-00m1109
2E0A4-0030023

gacaa ' gnaang

QeI 'A20004-
earA2 " 040776
ACIN3 NNE0NAT
NenGAT0N6057S
apCcO5'006Q1 38
@3NNE ' INEASLS
ARNAT T 3I89548
00R1IM T 0E3T71LN
PgALL (102407
POC12'C14766
¢OM13° 09770
00014 0P8N12S
CARL5°IN0TS4

PAMI 6 C0R2ST
POPLT 1IANRST
0OC20' 056776
GAMPL ' RN&AADS
BARP2 1 N6N051D
POU23'N3N426
00024000403
20025151400
CAN261151400
2ANPT 025800
POB3IN 125315
200311002766
AOM32°034213
APA33'163490
0ON34%137400
(P51 674l 4
P36 00167
N 37 166405
GADATM 30N
NORAL *N34407
@O042' 164415
Ae043'A030A1

C-120

«TITL CONTR

sDYNAMIC ITERATION CONTROL ROUTINE
<ENT CONTR» «FFLGs>«C10U5+VECs .LPAP, +UREP
«EXTD eOVL > «GETT»5»eDISS» eMOTs+CUKSSaPENTIS» HITC
+EXTD ePLTS, «PACGE, «ALLB» e FORDs o4l 5 s NUM, «CENT
«EXTD eDISFPs» s SCALS« LPLS > s VFAC,MUs « kKLNC» « ULINP
+EXTD eHEBL» s EMPT > s PONL » « FONZ 5> « ASKR, « M3, o195
+EXTD INP dHITS, PRN2s e ALPHS> e TYPs» e LENG, « MESS
+EXTD ePSEG,»eDISBs e IFRN,«KREAD, s v RITH « STEP» « TPN
«EXTD «LODE> «DCM» e MOVE S e KSET» e KET» « TINE
«EXTN OPTIN

«ZREL
LPAP: @ 3HARD COFY LOAD-PLOT FLAG
«VEC: [0] JVECTOR PLOT FLAG (1=FLOT» 08=DON'T)
«PFLG: O
«C100: 100
+UREP: 23 sUPDATE FREGUENCY
+NREL
UCNT: 7}
3 --~=-MAIN CALCULATION CYCLE==~-~-
3
GRUNT: LDA @s sUREP
STA @,UCNT
DYN: JSE e«M0T ;LA OF MOTION
JSR 8 .KET 3K+E«ROUTINE
JSR @.FORD FORCE/DISPLACEMENT LAW
JSR @.STEP 3 INCREMENT CYCLE COUNTER
JSR @.+.DCM 3DISP MACHINE
SKPDF TTI
JSR ouT SKEY HAS BEEN HIT
DSE UCNT
JMP DYN
JSR e.ALLB 3UPDATE CONTACT LIST
JMP GRUNT
H
; --------------------------------
hT3: RET3
RTT3: @RET3
QUT: STA 3,8RT3
JSR e.ALPH
DIAS @,TTI 3GET KEY CHARACTER
Lba 2,FOINT ;POINTER TO KEY LIST
JMP SEEK
NEXT: INC 2,2
INC 2s2
SEEK: LDA 1,052
MOovV# 1,1,SNR :CHECK FOR LIST END
JMP 8RTT3 sCHARACTER NOT FOUND
t.DA 3,MSK SRIGHT 7 BITS
AND 3,0
AND 1,3 3 JUST CHARACTER ALONE
suB# 3,0552R
JMP NEXT 3NOT THIS ONE
SUB 3,1,5NR 3FOUND IT! GET FLAG IN ACI
JMP e1,2 3G0 TO APFROPKRIATE ROUTINE
L.DA 3,STATU 3STATUS FLAG
SUR# 3>1,8NR 315 PERMISSION CRANTED?
JMP 21,2 3YES. GO TO ROUTINE




- -

70044002753
a0N4s ' CoN 77
20246100000
oNNaT7 ' Canan(
erns2°00nnNa0
gnasy1aea0s2”

anQs2°acn124
NROS3' 166"
CPIS54 Nact1 29
aaass ene13s”
QAAS6* 04127
PARST'B0B132°
RAC60T100123
pANSY ' RAN124°
enpser*2ngi32
0Res3 230 72°
OrTe4 105116
anags o es
A0A66" 10010}
@R267'000162°
AABTH 42111
pAATI*A0N210"
0n72'0¢%119
08073°'00p2s52°
PBe74°' 033126
eon15'aen26a’
pRRTe 233114
eB377°'Bec271"
231020°000124
90101 'G0027S°
92192749112
@aa133° 0722417
PO104° 04122
eat1as ' aona2s’
fB196"0340127
es197°'000432°
23118°04n103
PA111°000434°
00112°'040130
33113002151
03114740121
92115'0a31s5a°
22116048115
98117°'000145°
60129°* 040102
@2121°0092146°
P2122'002029

2a123°'000401

001241020723
ARL25° 040723
QM126046361 1
0127020777
20130 00a670
2131400773

c-121

Jmp eRTT3 3BACK FROM WHENCE YOU CAME

MEK: 177
RFLAG: 100000
SFLAG: 40398
STATU: @
POINT: o+

Ed

5LIST OF POSSIBLE KEYS THAT CAN RE HIT---

x

.lD

verLY FRE~Drow BLUUAD
"F4+40200

PHASE 3 GO0 TO PHAZSE 1
"G+4%309

GO 3 START DYNAMICS

"S+100209
STOP 3STOP DYNAMICS

"

T

Z2ERO $SET aLL VELOCITIES 70 zEnw
"N+ 1000326
MOPLT 5ErRASE SCREEN & SUrPRESS PLOTTING
"A+102000
ACT1V SJACTIVATE FLOTTING AGAIN
"I+400Q20
INPUT 2 INPUT DATA
"H
HARD JMAKE HaRrD COPY
"V
VEC 3VECTOR DISPLAY
'(L
LPLOT ;TG PLOT LOADS ONLY
"'r
TYPEN 3TO PRINT PROP. TYPE #'S
"J+400£0
PINP ;TQ INPUT JOINT PRESSURE
""R+40000
RP3 3TO READ A P~3 FILE
"W+ 40000
wP3 3TO WRITE A P-3 FILE
"'C+40000
CUR 3PUT UP GURSQR AND walT
"X+ 40000
RESET 3TO RESET CYCLE COUNTERSLETC
'"Q+ 490090
TIME 3 TO CHANGE DYN FACS
"M+ 40000
MOVM 370 SET DISP CONTROL
"B+40000
BOLT 37O SET UP FORCE BLOCKS
0 JEND OF LIST

H

CONTR: JMP STOP

jrmmmmm e

STOP: LDA P, SFLAG
STA DsSTATU 5'STOP'* STATUS
SKPDN TTI 5WAIT FOR TTY
JipP o=1
JSR ouT
JMp sTOP

jermrecavmana

——— ,Ill.w‘”



R <

aE132'020714a GO LDa
@133 04715 STA
134000645 JVP
e, ——-—
PP135°'0C4CA7T7  FPHASE: READS
ea136t1M1122 MOVEL
Q13T 00NAT4AS JH4P
aN1ac*0naNt s Jo=
foL4r 102520 SU3ZL
QA1 420K 0ALE JSK
AN143°'063077 HALT
AN144°'00RT7TTS JvpP

20145020555 MOVUM: Jne

BB146°' 963077 BOLT: HALT

@147 000755 JMP
HEEE R Rk
00150°C06067%S TIME: JSR
BRA151°006056S RESET: JSEK
891520360115 JSR
f00153'0069528 JSR
0154 006003S JSR
20155002502 JMpP
P
€e156'C0A0G11S NOPLT: JSR
722157102520 SUBZL
02160049022~ STA
00161°002476 JMP

23162102400 ACTIV: SUB
nN163°'34na02- STa
ee164°'0060525 JSR
@a165'QQ2472 JMP

90166'006711S DSPLY: JSR

ga167°'006052S JSR
R2170'Q03697A3S JSR
BG171°'002466 JipP
} ——————————
eN172°039A 148 EZERO: LDA
09173'0240155 LDA
RO174°124400 NEG
00175102400 sus
PR176°035069 ITER: Lba
8B177°041 405 STA
fA200° 041406 STA
e0201°'041415 STA
Pe”202'151400 INC
nR2A3°'125404 INC
2020400071712 JHMp
AE2CSNTENNES JSK
AR2656° 2000027 7
an207°'0022459 Jup

3 INPUT ROUTINE-
3
PE210'0060Aa3% INPUT:  JSK
eo211°'201617"° INMS

C-122

G iir LLAC
0,STATY 3"RUN" STATUS

GRINT

¢ 3CANT LEAVE /73-UF
0,0,52C
STOP
e PACE
0,0
8.0VL 3OVERLAY #1
5TAPEZ ERROX
«=3

8 «MOVE

STOP
2.TIME

8«RSET
. PAGE
8.+ TPRN
8.DISS
eRET3

8.PAGE

0,9

Qs «PFLG 3SUPPRESS PLOTTING
eRET3

3,0

€s.PFLC 3RE~-ACTIVATE PLOTTING
€.TPRN 3FWRITE NO. OF ITERATIONS
@RET3

e.PAGE JFEKASE SCREEN

8.TPRN S WRITE NO. OF ITERATIONS
@.DISS RE-DRAW SYSTEM

eRET3

2s Ml
llof\UM
151
8,0
3,2,2
2,5,3 FA-VEL
056,33 FOLPHA-DOT
0,15,3 5Y-VEL
2,2
1,1,82R
ITER
@ +PRN1
FRING BELL
eRET3

~ FRICTION,LOADS,UNITS & OPTIONS

BW.MESS




Q212177304
213000
Q2140757 00e
AD215 ALy
G216 116415
CODIT N0 a0
CAPDN D a0y
OAR2Y L L
ON222'nrgag
QAP0 Ra35e
AA22A4 52433
@225 404420
00226 10841 4
EP227' 000403
fR230'00ke0sg
AC231 '00peng
QU204 4
GOR33'10641 4
COP34 000 an3
PAPAS (g at 4y
0023600042
Ae237'024410
A0242° 106415
@B241° Q02407
PRLA2 0 T7Se
AO243'0Gre1S
RO244°000 106
ga245' 000125
go246° (20114
QR247 000117
BO254° V77777
Aa251' 1121

@M252'PA6006%
20252 0¢0033
RA254°C6ARES
fa255°*ag0n27
20256032491

PB257' 209700

AA260* 102520
aa2e61 *N40a01 ~
2262 ORAMN4S
AB243*0N60S5TS
NR264 (6N 38
PB2653°006NSES
AB266 102400
082670480081 -
QA272°' 002767

AAT1L QNEND Y C
QA2I2* 102800
It I KRR FYARTIN
Lol PAEICE P

~34,
£S5,
DOVEN: J G
LDA
SLoe
JMp
LB"
Sl
Jnp
JOR
JMP
Lba
SURe
JMP
JEK
J ik
LD
Sutye
ML
JER
Jap
LDa
Sug e
JiP
Jap
CRGRT: 15
CHrF: "F
CHRU: Y]
CHrL: "L
CHEOD: "0

OPTAN:  OFTIN
LODO: ONLY
SHARD ¢ READS
3 MOVEL
3 JMP
HARD: JSR
27,
JSR
23.
JMpP
3PLTR:  JSR
H JE
KET3: 6]
; ----------
VEG: SUBZL
STa
JSR
JSR
JSR
JSK
SUR
STA
JuE
Jmmmmemae

L oy: Jek

GLGETT
1yCrin]
Crlasitk
ErtET3
1, CWEF
B NN
o+ 3
e.InP
eKET3
1,CFRU
B21,84R
ot 3
evUTlnP
Orzi3
baitbo
vrl,S2n
e+
eLano
6RET3
1,CHRO
0)1)51\'R
eOFTNN
DOVER

1%
Bs8,S52C
PLTR
@.PRNY

2. PRN1

eRET3
e.DISP
eRZT3

3,0
Ts e VEC
@107
O.KET
PJFORD
B.5TEF
Ns0
LAV
PRHFTA

8y

C-123

3wAlIT FOR CHAR

JCHANCGED YOUR MIND

3 G0 TO INPUT FRICTION

5GO0 TO INFULT UNITS

5GO TO INPUT LOADS

360 TO SET OPTIONS
5 DO IT OVEK

3CHECK FOR Sw. 0
30FF=4631>0M=PLUTTER

3ASCII ESC

JASCII ETB

#SET VECTOR FLOT FLAG

FONE SCAN FOF PLOTTING

FINCREMUNT CycL:s COl e

FENUCA DN Fag
PEXTT
B T

.



AD=ADBA 693 MINNESOTA UNIV MINNEAPOLIS DEPT OF CIVIL AND MINING —ETC F/6¢ 13/2
RATIONAL DESIGN OF TUNNEL SUPPORTS: AN INTERACTIVE GRAPHICS BAS==ETC(U)
SEP 79 M D VOEGELE DACWAS=T4=C-0066
UNCLASSIFIED WES/TR/6L=79=15
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MICROCOPY RESOLUTION 1E81 CHARI




aQ275°' 0340148
BA276°054502

0R277° 231400
an30a*151005
PA301'A02756
AB302'021014
203231013925
003714 QC2449

pa395' 021000
0O306' 02403328
20327107420
20318'044471
00311126400
00312044270
f9313°'006030S
BA314°'040467
P0315'048470
P2316' 044446
BA317°'044470
30320°'024442
00321°000414
70322125400
003230060315
PB324° 040462
PA325'044463
09326004421
09327'010453
00330024452
@M331°'020455
03332°'040453
@26333°'0P0455
00334049453
00335'014444
00336°000764
00337'020444
BO3472°020446
AA341°'020443
00342'040446
90343°'004404

80344°'010434
0B345' 034433
00346'000731

2RIAT 054430
NR35a°'N24432
P0351'006041S
en352'101005
AN353°'aN2424
001354°040435
AA3S5'N2N430
AB356°034430
AA357°'163220
AN367 034437
2A361°'162400

C-124

3TO PRINT TYPE #'S ON BLOCK EDGES

TYPEN: LDA 35 eM1
STA 358BLOCK

3SCAN BLOCKS=--

BECINS LDA 2,953
MoV 2525 5NR
J1pP e@RET3
LDA Dslda,2
MOV 3,0, 8NR
JMP NEXT1

5SCAN SIDESeee
L.DA 0,0,2
LbA 15 «MSKR
AND Bt
STAa 1>NPNTS
sup 151
STA 1 >NPP
JSR e .PON1
STA D,X0
STA 0, XA
STA 1,Y0
STA 1,YA
LDA 1 »NPP
JMP DOWN

BACK: INC 151
JSR 8 .PON2
STA 2,X8
STA 1,YB
JSR TPRNT
152 NPP
LDA 1,NFP
LDA 3, X8
STA B, XA
LDA @,YB
STA BsYA

DOWNe DS2 NPNTS
JMP BACK
Ltba BsXD
STA P,XB
LDA B,Y0
STa d.YB
JSR TPRNT

SEND OF SIDE SCAN

NEXT1: I15% BLOCK
LDA 3,BLOCK
JMP BEGIN

3END OF BLOCK SCAN

3

TPRNT: STA J,TPSAV
LDA 1,NPP
JSR 8.TYP SGET TYFE #, THIS EDGE
MOV D,05SNR 3DEFAULT
JMP eTPSAV
STA A,»TYFE
LDA @, XA
LDA 3,X8
ADDZR 3,Q 3(XA+XB)Y /2
LoA 3s>MOVE1L
sun 3,0

X Y

Zr i e aa




-

NN3E2°024425
N363'034225
AN3B4AT 1587220
A03465'034425
03661456400
T 2670NECLAS
AO372NNANND
aAq371 ' *NeNags
QAa372°' 120417
PO373° 034420
N03374'1430239
9A375°'IN6337S
2a376'2401
0037700009
BRgnOICNGDT
PR Al Ci 1)
AN4L4N2 "N,
L R0 O NG
Be404°0CN0ND
nnans ' 00000
93436320000
@ag4nT 000000
a3410'00eaco
90411020000
@0412°000806
2413120069
0R414'001120°

224150360255
a0416°'002641

00417'336¢435

poeo12
P2420°'001461°
00421177324
0a3422°'001274

2009210
304230060445
PB424° 002633

ORA25°'DN6PATS
834260069118
04272060528
23430°' 00409238
ARA31 '0p2626

204320366508
@0433°002624

720434'102409
83435042757
AA436'A60U5S
898437000522
RR44RT AVD64Y Y
3441000642
@RA442° 0060408
02443020457
0BA444° 024462
09445106415
NBA46°NN2456

Lba
Loa
ADDER
LDa
s5uB
Jow
4]
JSR
LbAa
LDA
ADD
JSR
JMP
TPSaV: o}
pLuC~: ¢
NPNTS e 4]
ferievd '
x0s 1Y)
Y0 [}
XA e
XB: 1]
YA: 4]
Y8 B8
TYFE: ]
MOVEL: 6
NNO : g
FLG: FLAG
o mcn e
UINP: JER
JMP
PINP: JSR
«RDX
PMESS
~370
700
«RDX
JSR
JMP
;— ---------
RP3¢ JSR
JSR
JSR
JSR
JMP
;—- ----- P
WP3s JSR
JMP
frmncmcrm—a~
CUR: SUB
STA
CURS: JSR
CHAR
X
Y
JSR
LDA
LDA
Sup#
JMP

1,Yp

3,YB

3,1 3 (Ya+YBY/2
3, MOVEL

3,1

C.FLTS

B.ALFH

CrTYFE

3,0NNG

3:0 JASCII CEaRr
BeFRNZ

aTFESAV

e.UINP
erRET3

B.MESS
10

8
8.PSEG
éRET3

2.READ
€.PAGE
8.+ TPRN
@.DISss
eRET3

B«WKRIT
eRET3

g.a
@,8FLG JFRESET PkOP. CHNG.
€.CURS

f.ALPH

BsCHAR

1,C1

Calo8NR 31" BEEN HIT?
eLOADR

C-125

INDIC.

o

B I

gt sic

R | B



P0a4I "N aas4
A5 114415
AA451 Q102454
PRasS2° (P4456
2A453'106415
0045400575
20455324455
AN4L56'106415
20457 ' 000455
0R4as69' 124451
NR4as1 10064l 4
DR462* 022441
RA463° (106007
CB464' 00064
0RA65° 200642
09466 AGATSC
ar4a67'21000
PRA4A70'024427
00471°107414
00472°'002744
#3473'1230792
00474'041000
20475102400
00476941985
20477041006
005e0°A41915
20501 'gar1@20
99502 0410221
02593041022
€72524°'034415
2e5a5°'021801
20526'163000
250725003
BAS10'167000
A8511°'006310S
095122000720
80513'0060408
20514'@2060063
0N515°0001¢6
22516°'30AT720
2as517'010020
AN52¢*6A4000
23521 *0NCcoa0s
20522'000000
00523'001020"
09524°'000672°
2@525'001121°
20526'a0a@261
09527°' 000262
00538° 000325
00531002306
2n532°'999305
nNs533'enNa317
NA534'006007S
AAsS35'n0ne4ar
fRS536°0NNK42"
00537000677
}30542'044503
005410060118
60542°'0060265S

FBIT:
MBIT:
FIVE:
CHAR:
SURFR:
LOADR:
ONE 3
Cl:
c2:

Ue

F:

£

[¢H
ERASE®

LD
SUL}5
Jp
LDa
SUB4
Jp
LDA
SUR¥
J4p
LDA
Sug#
JMP
JSR

Jup
LDA
LDA
AND#
JMP
ADD
STA
Sus
STA
STaA
STA
STA
STA
STA
Lba
LDA
ADD
LbA
ADD
JSR

JSR
JSK
IIF
JMP
10000
4090

SURF
LOAD
ONLY
*1+200
'*2+200
*U+200
"F+200
"E+200
"0+200
JSR

JMP
STA
JSR
JSR

1,0

s 1 Sivk
fONE
1,U
Gals itk
UNFIX
1,E

B 158NR
ERASE
1,F
021,87k
BSURFR
0.HITC

CURS
2,0,2
1,FBIT
3,1,S2R
CURS
1,0
0,€52
g,0
@s552
Bs6,2
0s15,2
@,20,2
B,21,2
0,22,2
3,FIVE
@sr152
3,0
13,2
3,1
8.PLTS

@.ALPH
a.PRN]I

CURS
3MANUAL
3MASTER

8.HITC

CURS
1,NB
8 .PAGE
@.REBE

C-126

3HEAS '"O'* BEEN HIT 2
sFas U BEEN HIT?
3HAS "E' BEZEN HIT?

sHAS 'F' BEEN HIT?
3TRY PROPEKTY KEYS

3CONTROL WOKD
3UFIXED™ FLAG (BIT 3)
JALREARY FIXED?

sADD IN FLAG
JPUT WORD BACK
3 SUPPRESS VELOCITIES
3 X-VEL
3ALPHA-DOT
3Y-VEL

3 DELTA=X
sDELTA-Y
sDELTA-ALPHA

3 XC

FXC+5

3YC

3YC+5

3PUT BEAM TO RIGHT FLACE

FIX BIT
FIX BIT

3NO HIT
3BLOCK »

sPUT IN CORRECT BOXES

e e

2 e e At




e i e

00543102400
enS544' 34191 4
OM545* 021000
NS46NPAN3CS
00547123400
PASSYI*NEN a7
20551126400
0NS52' 044472

QRSS2 3nen3as
a0554°000493
AB555° 024467

ANS56° 006031 S
APSS57°034C338
NES6A*N3ICN3~
PAS61°04N465
Ar562°102470
¢NsS63' 0731101

(1564127122
F9EST1271

eas5ss"1376A0
NES67°'M24457
20570102400
ees571'n73101

naG572°'137000
PE573°'054452
@A574° 020447
PB575° 22447

PP576°'12531%9
BR577°123089
geeneTn3s5400
AB6R1 *N25400
02602106415
R2A6A3°'ANA 4GS
AN6A4° 165490
RAE6AS* (44442
0e806°A35401

pA6AaT* aeR7I2
00610@° 025401

PA611°046434
e0612°'010432
AN613°N14434
3614300741

00615°'0347348%
nC616°'N2N425
00617117070
NA6203° 052425
00621°'035490
NA622' 1656000
70623°175112
722624000411
nR625° 171000
PN626°035402
0n627°175113
90630°' 000775
206311056414
206320200278
nA633°Nal 002

SuB
STA
LDA
LDA
AND
STA
SuR
STA

SNEXT PART KEMOVEIS

3BON AkRAY
JSR
JMP
CQOWw: LDa
JSR
PLACE: LDA
LDA
STA
s5uB
DIV
ADDEL
ADDZL
ADD
LDA
sus
DIV
ADD
STA
Lba
LDA
MOVS
ADD
LDA
ROUND: LDA
suB#
JMP
INC
STA
LDA
JMP
QQT: LDA
STa
1S2
DSz
JMP

3TO RETURN DEAD

LDA
LDA
ADD
STA
LDA
MOV
MOVL#
JMP
NIT: MOV
LDA
MOVL#
JMP
STA
LDA
STA

©,0

Ol 4,2
0,0,2
158K
1,0

Qs FCINT
1.1
1,NP

8.PON]
PLACE
1P

8. PON2
35613
25.C10C
DsNK
A

1»1
121
13
120X
2,0

1,3
3,0LD
2,NB
1,NP
1,1

1.0
3,%,3
1,3,3
©s1,5NR
00T

3,1
1,0LD
3,1,3
ROUND
1,1,3
1,80LD
NP

PCNT
COW
CONTACT
3545
P,NB
0,3
3,0LD
3,953
3,1t
3,3.,52C
EXIT
3,2
3,253
32,3,SNC
NIT
3,e0LD
05« EMPT
0,252

c-127

JSET AREN 1O ZERQ

ef L rOINT ENTRIEBES »0

3 (NP:INB)
5 ¢(NO CHECK FOR END)

sFOUND IT

SLINK

3THIS LINK

ENTRIES TO EMPTY LIST

3KEEP FIRST ENTRY

3NO CONTCTS

3 SAVE PREV. ADDR.(LAST?)
3NEXT ENTRY

JKEEP GOING DOWN CHAIN
3PLUG INITIAL POINTER

3STORE OLD EMPT POINTEkK




PC634'044027S
Qne35' 0060125
P66 OOEN52S
00637'NERN3S
064902410
nRs&41 000N oe
fANs 42 0OAREA
€a643'000aCH
NO644° A0AND0
03645300000
00646000030
D647 0INCH
R@E653°ANC436"
0Nés1 'aNeENTSs
neesS2'5n6al "
00653'000642°
A0654° 002774
07655021090
BP656' 0245642
NA657°107414
65002770
PR661°N24636
PB662° 1337415
06631002765
N0664°122400
08665041000
AN666°0060D11S
PO667'0060A52S
AT AN60(3S
PO671°€D2757

236720060078
PR6e73'0N0641 "
NA674°00CA642"
0e675'03a521
AN676°ASOSAHI
Q0677 006036S
an709°'00903a7
aaTAL ' PM6MASS
29702°000522°
720703°'0031030°
oa724' 001001 *
PA705'NA6M40S
nR706°'C2a614
ANTAT* 024520
oO7TI0*106414
22711°0C2737
AN712°'006007S
o0713'0921000°
aarrataneot”
eA715°'NN00a22
AA716'0134461
Q071715641 4
aa720'06M417
721021023
OAT22' 025024
0N723* 123005
er724°002724

EXIT:

.
.

NB:
NP
oLD:
NXe
PCNT e
CURSR:
UNFIX:

STA
JSR
JSR
JSR
JMP

AR

CURS
JSR
X

Y
JMP
LDA
LDA
AND#
JMP
LDA
AND#
JMpP
suB
STA
JSR
JSR
JSR
JMP

15 EMPT
8.ALLB
€. TPRN
e.DISS
@CUKSR

e.HITC

eCURSR
€s0,2
1,MBIT
Bs158ER
8CURSR
1,FBIT
05 158NK
e@CURSR
1,0
8,0.2

8 «PACGE
8. TPRN
@.DISS
BCURSK

N R L L L L T R

C-128

3UPDATE REMAINING CONTACTS

JKE-DRAW

5TO RELEASE A BLOCK
31S MASTER BIT SET?

sYESs HARD LUCK!

3FIXED ALREADY?

3NO CHANGE NECESSARY
3REMOVE BIT

3 PUT CONTROL WORD BACK

i RE-DkAw
3 CARRY ON

3ROUTINE 75 INPUT LOAD VECTORS FROM SCREEN

>

LOAD:

JSR
X

Y
JMP
STA
JSR
7
JSR
CHAR
XX
YY
JSR
LDA
LDA
SuUs#
Jup
JSR
XX
Yy
JMP
LDA
sSuB#
JMP
LDA
LDA
ADD
Jup

@.HITC

SURF' 1
2,PNTI
€.PRN1

@.CURS

8+ALPH
Qs CHAR
1,C2

@r15S82R
@CURSK
e.HITC

BOG
3,PNT1
223,52R
BOG
022352
1,24,2
”Q’S::R
8CUKRSK

3NO HIT; TRY SURFACE

3RING BELL FOR HIT

31S IT 2" FOR 2ND POINT?
3NO» SOMETHING ELSE

3HAVEN'T HIT A BLOCK

JFIRST POINT BACK

3 COMPAKE

3JANOTHER BLOCK (COINCIDENCE)
SHIT ON SAME BLOCK

3YY LOaD

3FERD. RETURN!

e dramcickanna



N725* 102400

aAnT26'7a11723
a0727 0481024
QO7310N6AL1S
NAT31 062528
fM732°1316043%
Aa733° 2060212
DPN734° 102520
NA735°NLDLD )=
NA7136' 3072712
AATIT*0N34447
DT a2 4T
00741 N24437
OB742°1064N2
gR743'0300228
A0T744° 102400
fGT45° 073301
PN746°'C21423
NB747'040427
o758 345423
02751 '021403
20752°' 024427
aN753'106409
99754° 102420
82755'073321
008756 N21424
PR757 045429
PR760°'024416
00761107024
BB762'000746
09763021421
0A764° (25403
MN765°'P06019S
08766020029
Q0767320411
3770024411
Q0771°'0Q60B103
2927720002081
aa773°102529
P2774°0400ACA~
BR775'002653
00776°000720
20a777°0c0003
210d9'0000¢0
01001000000

g1002°1N00257"
21003000436
010843000020
01005°0N0000
21026 0030A0
araa7 020009
21a10°'0Cn260
A1 o0e27t
aLar2’acanes

nonn2s
arat3rananes
g1014' 000027
105007777
ararétpan712

C-129
St S
Sta Ms23,2 5ET LOADS TO £ERQ
5Ta 3:24,2
REDK: J3R f.PAGE
JSR @TPRN
JER ¢.DISS
JOK P LPLS
SUBZL Cad)
57TAa OseLFAP
J s eCur 5R
ROG: Liya Jscnid
LDA Q21,3 3 XNC
Lda 1, XX SEND 2
sSus @s! SRELATIVE VECTOR
LDa 25,.VFAC 3SCALING FACTOR
SuB @,0
MUL
LDA @»,23,3 30LD XX LOAD
STA B3>0LDX
STA 1,23,3 3NEW XX LOAD
Lba 0,353 3YYC
LDA 1,YY
sus 8,1
sSuB 6,0
MUL
Lpa @d,2453 30LD YY LOAD
STa 1,243 iNEW YY LOAD
LDba 1,0LDX
ADD 9,155k 3SKIP 1F BOTH ZERO
JMP REDR JRE-DRAW ALL
LDA 951,53 3 XXC
LDA 13,3 3YYC
JER 8.PLTS
1]
LDA Bs XX
LDA 1,YY
JSR 8.PLTS 3PLOT SINGLE NEW VECTOR
1
SUBZL D,0
STA Os.LPAP
JMP BCURSR
oLDX: [}
PNT1: 1]
XX: ]
YY: e

3 ROUTINE FOR INPUT OF SURFACE PROPERTY TYPES
RET3S: @RET3
CURSS: CURS

AIMM: 0
DICIT: O
DIGaS: @

LBIT: 20003
ND: “pr20e
N9 9+209
MOVE: 6
START=25

SSe START +§
SL: START+2
TMSK: 7777
SURF1: LDA 3sNQ

P




01017101400
A1220°047766
Mol21*02a167
01022030767
A1e23° 142033
010241060372
A192S5°'C03N454
Q1026122400
91027040756
210300060368
21031 °000541°
21032°000642"°
@1033°* 012759
21034°' 054750
”1A35'013a43

01036'02100a4
01037°034750
81849°117414
N1241°'C03406
01242°135120
01243157290
91044020747
21045117003
01046000406
31047135129
21052137000
1251157090
1A52°020742
21053°117000
B1R54° 021400
21@55°024740
1056107400
A1AS7°* 22726
21060°103120
P1261°103120
01062°101300
210631387020
01064°345400

01265030725
P1066°'022743
Q1067142409
21972° 026742
01A71°'146400
e1072'006010S
21073000029
21074°0060(492S
01075020711
R1076°'NN6B3TS
A1077°'002795
21102000000
21101029777
21192°'1010@5
011@3°'002677

N1104°0330168
1281 RET- RS WEUR
81106043000

€-130

n.r a0

SURF: STA NaDIGAS 5E8A8VE ALCIT FOrM OF DIGIT
LDa 1,00
LDA 2sNG

ADCF# 2,7, 500 3CHECK FOR DICIT O TO 9

aANC-# 0,1,5:C

JNpP Uty SNOT DIGIT. EXIT!
s5u8 150 3BINAKY VAL
STh OLDICIT
JSR BJHITS FIND WHICH EDGES
XQJR: X
YRR: Y
JMP 8TURSS S PUT UP CUFSOR AGAIN
STa 3,714
ISZ FLAG SRECO®D TYPE CHANGES
3STORE TYPE # 1IN APFROPRIATE wORD
LDaA 2,02 3CONTHOL WORD
LDA 3,LBIT
AND# 0»3,5ZR 3LONC BLOCK?
JMP LONG
HOVEL 153
ADD 25,3
LDA 0,85
ADD 0,3
JMP NOSE
LONG: MOVZEL 1,3
ADD 1»3
ADD 2,3
L.Da 0sSL
ADD 2,3
NOSE: LDA @s,0,3
LDA 1,TMSEK
AND 3,1 sMASK OFF OLD TYPE #
Lba 2sDIGIT

ADDZL 0,0
ADDZL 8,0

MOVS 9,0 5IN LEFT a4 BITS

ADD 2,1 3ADD IN NEW TYPE #

STA 1,2,3 3 PUT COMPOSITE BACK
3PRINT DIGIT AT CENTRE OF EDGE

L.DA 2,M0OVE

LoA Qs BPXRK

SUR 2,0

LDA 1,0YrR

suB 251

JSR P.PLTS

)

JSK e+ALFPH

LDA 0,DICAS

JSR €+ PRN2

JMP esIMmM SRE-ENTER FOR FURTHEER HITS>
FLAG: 4]
UTRY: LDA esFLAG

MOV 0,0, SNk

JMP 8RET3S SEXITLNO CHANGES

3TO REQUEST UPDATE CYCLEs STORING
3NEV. TYPE #S IN CONTACT LISTS

Lua 23 «Cril
LDA Bs7s2 SNEW WORD
STA 0,60,2

§ e gy

T




PrIp7 0naN)2s
CLIIN' QRN 68
atrirecaicn
Q1112003000
Q1113072667

e bevt?
CLILs 1 e
D11L1A° 001457
L1701 436"
C1120°001443°

A1121'N060e3%
£11°2°en1470°
N1123° 177242
GL124°0CG1274
A1125°A06BASS
1126001 452"
N1127°901453°
g1130°0014548"
11310060078
@1132°'071453°
@1133°001454°
A113a° 00077}
M1135°1252761
1136007601158
0113732060522
N1142°032756
@3114a1°006245%
B1122°A06A43S
01143'201596°
Q1144'177634
@1145°(111274
01146°206043%
p1147°'06152¢Y "
@150 0nCLTs
81151°0a012356
81152032744
01153021021
0115470267408
N1155°8060468
N1156°' 000005
2115732737
arieat 21002
1161006733
116200060438
01163°001527"
2116470308175
e116s5'aa1212
0116632730
B1167'321003
211700060448
LIT71'A060468%
Al172°002005
01173°'032723
Q1174'a21304
AL175°'C0671 7
21176032720

OCUR:

JSR
LDA
LDA
STA
JHP

ROUTINE

FRAC
IekT3
aC2sy
VETO
POS

JSR
OMESS
-352.
102,
JSR
OCHAR
ox

QY
JSR
OX

oY
JMP
STA
JER
JSR
LDA
JSk
JSR
CTHES
-130.
700.
JSR
XCAES
125,
670.
LDbA
LDa
JSR -
JSR

5

LDA
LDA
JSR
JSR
YCMES
125.
650,
LDa
LDA
JSR
JSR

LDA
LDA
J3R
LDA

C-13

6.ALLE
22+ Ci'NT
3s1,2
0.BC,2
exel3s

;DO AN UPDATE
30LD WORD
GEXIT

FLUT

IRy, SinCLE 8L ulx

fMESS

2.CURS SSELECT SINGLE BLOCK

a.HITC IS IT A BLOCK

300 HIT RETURN
3G00D HIT &RETURN

OCUR
2:0AC2TS
@ «PAGE
€« TPRN
2>8AC27S
2.DISB
g.MESS

3IDISPLAY 1T

8 .MESS

2,8AC2TS
0,152
8.ALPH
8+ 1PRN

»X CENT
FPRINT IT

2:0AC2TS
Bs,2:2
BFRIC
eoMESS

.

3XC LO PRECIS

2,0AC2TS
0,3,2
B«ALPH
B« IPRN

3YCENT
SPRINT IT

2,8AC2TS
Dr4,2
eFRIC
2,8AC2TS

3YC LO FREC

3BLOCK POINTER




B s hmac o 2Rt )

21177021001
1200025003
12010060108
21202020090
Q120332101 a4
212040060408
01205'C0060468
A1206COBONNY
212870050438
01210°'G01547°
21211*176504
91212001274
21213006043
1214 001556"
01215°001325
212160931236
81217'0332677
gi22a'021023
P1221*101132
212220066715
01223°'006675
212240060408
21225'006046S
01226900905
21227'0060435
P1232°'001612°
a1231 901325
91232'001212
01233'032663
01234°'021024
21235'101132
P1236'006661
G1237'006661
212409060408
01241°006046%
212420000205
01243'060477
91244°131123
P1245'00¢552
01246'0059438
N1247*p91632°
21253'091325
21251'000702
21252°'932644
71253021007
N1254°101132
B1255° 004561
B1256'004565
8125710062408
G1260°'0760468
21261°'000006
012620060435
P1263°001641"
N1264°'071325
01265°'M00644
01266°' 032630
N1267'021016
81279101132
N1271°" " ralen
CI272' 60455

LDA
LbA
JSR

L0a
JSR
JSR

JSR
LDMES
-700.
700.
JSR
XLMES
725.
670.
LDA
LDa
MOVEL#
JSR
JSR
JSR
JSR

JSR
YLMES
725.
650
LDA
LDA
MOVEZEL#
JSR
JSR
JSR
JSR

READS
MOVZEL
JiP
JSR
XFSM
72S.
450.
LDA
LDA
MOVEZL#

JSR
JSR
JSR

JSR
YFSM
725
420.
LDA.
LDA
MOVEL#
JER
JSR

€-132

2,1,2 3 XC
1,3.2 3YC
8.PLTS

D>14,2 SWEIGHT
@.ALFH
CeIPEN  FFRINT IT

Q. MESS

€ .MESS

2,8AC2TS 3 GET BLOCK POINTER
0»23,2 ;X LOAD
0,C,82C 3GET SIGN OF LOAD

eVET 3PRINT ar
BP0 SPRINT '+
@.ALPH

@.1IRRN PFRINT IT
8.MESS

2,eAC2TS

©,24,2 3 Y LOAD

8s0>S2C S CET SIGN OF LOAD
@VET

erQ 3 PRINT +

@ ALPH

8.1PRN PRINT IT

%] 31 VEL,FSUMSL,ETC
B,98,SNC

OMIT

@.MESS

2,8AC2TS 3GET BLOCK POINTER
0,7,2 3XFORCE SULM

020,52C 3GET SIGN

VETO

POS

8«ALPH

0. IPRN

@.MESS

2,0AC2TS

Ns16+,2 ;Y FORCE sual
0,0,5=C 5¢ET SIGin
VEiQ

POS




e e e e

A273° 06 40)R
812742067463
A1275°200006
MI276 175743
M277'A016S5N
013790171375
1301 'e0N676
D132 30555
A1303* 52101 7
P13 113~
B1305°* 1453
P1306°004535
013379080405
B1310'6C6046%
*1311'nnae07
@1312'9206043%
M1313°021655°*
21314001325
091315'93°00512
A1316'30541
21317°P21005
21320101132
01321'024515
A1322° 00452
A1323'236040%
R1324° 0060465
21325000006
©13256'306M43S8
P1327'001663°
@1332'am1 325
Q1331000454
#1332'030525
P1333'C21015
P1334't111132
A1335°004501
01336304505
01337'706049S
213420060465
7A1341'000906
P1342'005043S
21343°'601671°*
M1 344°'CA1325
?1345°'0023416
21345030511
21347°'021006
81350101132
91351 '094465
01352°00a4q7)
@A1353'00604Rs
Al1354°CN60a88
21355'nan9ns
A1356°' Q063423
A1357°'001535°
A1380°001325
81361000310
01362°'030475
N1363°'N21000
P1362°101132
13650340451
@13646°N04455

JER
J3R
6
JSR
MEUM
725.
393.
LDA
Lia
IRV
JER
JSR
JSR
JSR
7
JSR
XVLM
7125.
330.
LDA
LDA
MOVEL#
JSR
JSR
JSR
JSR
6
JSR
YVLM
725.
300.
LDA
LDa
MOVEL#
JSR
JSR
JSR
JSR
[
JSR
RVLM
72S.
270
LDA
LDA
MOVZL#
JSR
JSR
JSR
JSR
6
JSR
SINE
725,
200.
LpoA
LDA
MOVELE
JSR
JSR

. C-133

€elFrN

8eMEZSS

2sAC25Y

o172 53 20MENT SUL4
“at e S2C SCET SICH
VETO

PQS

@eOLFH

EelPN

BeMESS

2sAC25V

055,22 33X VELOCITY
@20,5zC

VETO

POS

SeALPH

8+ IPRN

B.MESS

2>AC25V

0,15,2 Y VELOCITY
2»0,82C

VETO

POS

@+ALPH

8+ IPRN

e.MESS

2,AC2SV

Dsbs2 =ROT VEL
Cs6552ZC

VETO

POS

@.ALPH

8. IPRN

8.MESS

2,AC28V 3 GET BLOCK FOQINTEK
2,0,2 3SIGN OF THE SINE
Nr,058ZC 3+4=2Q,~=1

VETO

POS

i o o ot




C-134

@13AT 0210 Lua Bs11,2 SCET THE SINE
QI37ATI0RIA43 JSR 2. IPEN
1371177772 -6
P1372 (060438 JSk B.MESS
N1373°7:1542° DALF
NiI374° 0001325 725,
C1375'070p52 170.
A1376'N20441 LDa 2,AC28V
013771021002 Lba 0,22,2 3GET DEL THKETA
01400 04naté6 STA GLDELF  3SAVE IT
M1401'101133 MOVZL®Z  £,0,SMC - ORr +
f1AN2 00 A0T JMP LUS 3WAS FOS
R1AN3* (D4433 JSR VETO SPRINT=-
01404170040 JMP o+l 3NO 0P
ar4cstaotatl LDAa 0,DELF
0140607 6M448 JSR 8.1PRN  PRINT IT
. P1an7 177772 -6
3 P1A10° 0N aA? J4p .+ :
' Atat1 onas2? LUS: JSR FOS JPRINT + ¢
Glrat2* 320404 LDA B,DELF
B1413'N060LAS JSR 8. IPRN
P1414*177777 -6
B1415° 000402 JMP ot2
- 01416000007 DELF: o]
01417 0N&0a37 OMIT: JSR EMESS
. (1420'071563" QUES
01421000144 102.
N1422'000144 120
. £1423'353110 DOVR: NIOS TT1I
D1424° 060025 JSR 0.GETT
N1425'006037S8 JSR 8.PREN2
01426°'024427 LDA 1, YCHAR
B1427°106405 sSuB @s155NR
G1430°000429 JMP LODE
N1431 ' 024425 LDA 1 ,NCHAR
01432'106404 sus Gs1,82R
71433000779 JMp DOVR
214347002401 JMP erRT3T JEXIT
M1435*101115" RT3T: @RET3T
i P1436°'(54422 VETO: STA 3,AC3SV
4 P1437°006006S JSR 8.PRN]
014400267255 -
‘ P14a41°'034417 LDA 3,AC3SV
01442701401 JMP 1,3
‘ P1443° 354415 POS: STA 3,AC3SV
014440060065 JSR @+ PRN1 .
] 01445020053 s i
; P1a46'P34412 L.0A 3,AC3SV ;
Q1447 C0140D Jar 0,3 :
A1AaASN 030407 LCDE: Lha 2,AC25V 3 GET BLOCK POINTER
P1451°0060538 JSk e.LODE GO TO INFUT ROUTINE
01452000000 (OCHAR: 0
B145 '@0PNAg  OX: ¢
01454000000 QOY: o

A1455°000131  YCHAR: 'Y
N1as6'000116  NCHAR: N
g1457°'0000C0 AC2S8V: O
014672005000 AC3ISV: 0

2
A1461°047111 PMESS: «TXT *IN

s s




Q148250520
NLA4c3 02D 04
Q1464047512
V1865 47111
Alase' 20124
1467051120
N1470° 051505
DLATL 030523
DL4720aps522
01473300123
01474342523
0147504251 a4
14740 201.,3
N1ATT7015] -,
OYSN T raT L
AR USSR AN G E-S Wy |
0150212005
N15031'045102
0150441517
a1505°00m113
A1506' 142533
81507052115
@g1510°*Qa7522
B1511°3¢2111
A1512'041 440
1513047517
A151a*320122
”1515' 047111
2:1516'052101
21517051505
TES20 ' A00N00
ALs521°g24133
CLSP2 14050,3
1523 521145

157747522
01525042111
A1S26 G0N (0
n1sS27°'¢261 31
01530042503
21531052116
B81532'047522
P1533°'042111
21534009009
@1535°'044523
B1536°'320116
P1537°'P4a4124
31540052105
01541 C0O010)
01542042504
1543920114
01544044124
#1545 052105%
015260701011
a1547°* 0501
N1559°C46120
21551042511
0155220104
A1553°'047514
01554042101
21555000123

Py
T
Jo
IN
T
Prig
ES
sy
nZ
S=
OMESS:
LE
Ct

It

GL

£

2L

oc

K e

CTMES:

NT
RO
iD
o
(¢]0]
KD
IN

AT
ES
*
XCx

Ct

NT
KO
1D
*

YCMES:

CE

NT

RO

ID

*
SINE:

N

TH

ET

Ax

DALF:

L

TH

ET

ax
LDMES:
PL

1E

D

LC

AD

S*

m
tn
s

« TXT

«TXT

.‘rxT

«TXT

.TXT

«TXT

¢ TXT

C-135

*CE

* X

*Y

*S1

*DE

*AP

e ot ian o ded - ‘1“




C-13¢ .
a1556'Q20130 XLMES: « TXT * X
M1557°'C47514 LO
PLI560' 042101 AD
A1561 020740 :
01562'00A008  *
31563'047504 NUES: «TXT *DO )
01564'050448 Y :
N1565'052517 ou
01566'053440 N
81567*'MS1511 15
1570 G201143 H
Q1571°'047524 T0
A1S72°041 440 C
31573040518 Hp
N1574°043516 NG !
A1575'N20135 E
01576°044124 TH
A1577'029105 £
Q16030°047514 LO
71601'042101 AD
Q1602'023123 S

B1623°020050  (

: 01604220131 Y
- 716935°@51117 OR
D166 047040 N

. A16AT*CB24440 )
?

A 610037440
01611°Q200040 =

P1612°02A131  YLMES: «TXT *Y
?1613'047514 LO

M1614'A42101 4D

$1615'020849

; Q1616002000 *

£ M1617'04444¢ InMS:e <TXT x 1
: 31620°050116 NP

P1621'052125 UT

016221043049 F

216231052454 U

216247046054 L

01625'047448 O

$1626'020122 R i
91627°'026117 O

; 91633°92CA77 2

- 01631300000 *

' 91632°720130 XFSM: «TXT *X

21633'047506 FO

21634°041522 RC

01635°023135 E

91636'052523 SU

M1A37°020115 M

P1640°' 000000  *

01641020131 YFSM: CTXT *Y i
0164210487506 FO ;
?1643°041522 RC

01644° 020105 E

01645°052523  SU :
01646020115 M

M1647°000000  * i
01650047515 MSUM: CTXT *M0

A1651°027115 M.

D e et AN R, e b i . il




g

01652051440
B1653°'046525
B1654' Q0040
01655020130
P16567042526
D1657°0275)4
B1660°044503
81661054524
A1662' 30040
B1663°'020131
1664042506
n1665'047514
1666 Ca4503
1667834524
01670300240
J1671°047522
PLET2'0RT124
71673053040
01674°046105
21675020056
a1676°'a020aa

a0N0N4
aré677r'0aS4413
17007040413
173100693065
P1792°'000056
21703°024410
21724° 0304190
21705102400
21706°073301
AL7NT 0060468
21714177774
21711002401
1712000420
21713200003
Q17147323420

-

S
UM
*
XvLme «TXT
VE
LO
Cl
TY
*
YVLMe « TXT
VE
LO
Cl
TY
*
PyLY: o TXT
Te
Vv
EL

*

€-137

*X

*Y

* k(0

$TO PRINT FRACTION (WITH N DECIMAL
sPLACES)Y FOLLOWING KI PREC COORD

N=4 § NQ.

FRAC: STA
STA
JER
LDA
LDA
SUB
MuL
JSR
-N
JMP

FSav: n

FR: a

cing2: 10900,
«END

OF DIGITS

3, FSAV
@sFR
@.PRNI
1.FR
2,C10060
<Y

@+« IPRN

eFsav

3SET AT 10=%xN




.
T
i
13
i
}
'
'
I

0e0PRa-000123"°
00001 -000314"
RAN2-220333"

?2903-0a2000
20834-002000
32925-80a3209
000056-20300723
0B907-0000a0
00Q10-000001
pe211-0000020

00012-000311°*

9@913-0090205

. oNC03°*00AenNae
] 00001 °000200
20092000000
* 802703’ 80anC9
00924°000000
oeans5'aenna9
PA%B6 002000
eenN07'a0Neon
00010000000

2Qa11°'0200611 -

Qav12°10180S
P0013°001400
80014°'054764

20015'03401458

PP016'054763
00017024764
200200344765
20d21°Q224763
00022°'044764

20024°'044756
00025'102490
eND26*040755
000927834755

?3032°'036751
PO331°102520
@@8a32'240755

NB033°'A31405
00a34'151112

9NA23'a240178

3 X VELOCITY

C-138

«TITL CYCLE
$SEVERAL ADDITIONAL UTILITY PROGRAMS
JENT OPTIN, «STEP,.TPRN
¢ENT «KET, +kSET
+EXTD S IPRNS e FRNY , «MESS
-EXTD ONVEC)'VFPC)ODISSJoPAGE
+EXTD «PRN2, +GETT,».DBIN, MU
«EXTD oMl e VEC» s PFLGs o NUM
«EXTD «MOT» «FOKD
«EXTN CONTR
«EREL
CHNGIT
STEP
TPRN
%
0
@
@
0
1
1% 392=NO KE CALC
KET
sNREL

JROUTINE TO SET VELOCITIES TO ZERQ
3AT A KINETIC ENERGY PEAK

5]
%]
1]
2
4]
Q
(%}
%]
]
LDA 9, KEFL
MOV D285 SNR
JMP 0,3
5TA 3,KRET
LDA 3sM1
STA 35 POINT
LDA 1,KHI1
5TA 1,K0NK1
Lba 1 2KLO
S5Ta 1,KO0OLO
LDA 1,.NUM
STA 1,COUNT
suB 2,9
STA BrKHI
STA 0,KLO

3 TO FIND KINETIC EMNERGY
LDA 3,8POINT
SUBZL 0,0
STA Q,FLAG
LDA 2,5,3
MOVL # 2,2,52C




RAD3ST 150409
aae3srtrasuea
A0A37° 102400
Qa3 73301
aepa1 032742
ACea2°'034742
N2Ra3* 167022
00A44'151499
@245 143060
0eA6°'A40735
80047044735
aes5@°d314737
83a51 002404

093523356727
eMAN53'0231415
eaes4'00a769
80855°0102724
AgaS6°'014724
82057 '30a751

29060°210730
00061324723
BNn62°'023721
geas63'a33722
29n64°'N34722
PRM6ES* 166422
QRA66° 142401
AQBAT ' 142020
0RN70°101123
2071 °*@0RNa31
20372024313~
0R073'020715
00074° 106032
BBBTS5' 089425

008760300148
00Q77°'024017S
0010@°124409
001011024020
Pa1N2°'035009
PB103°041405
@A134°'0414a6
091925°041415
09106°15140@
99107125404
gal1eraga772
20111176400
PR112'054676
©08113°'034016S
28114°175004
09115720405
00116°006003S
02117°'300641°
8o120'091522
92121 °000062
00122°002656

5 Y VELOCITY

NEXT:

3 CHECK

3 ZERO VELOCITIES

ITRE:

NOPK:

NEC 2,2

MOV 251

sSuH 2,0

MUL

Loa 2,KHI
LDA 3,KLO
ADDZ 3,1,52C 3 DOUBLE PREC ADD
INC 2,2

ADD 2,0

STA @KL
STA 1,KLO
DSZ FLAG
JMP NEXT
LDA 3,8F0INT
L.pDA 2,515,3
JMP BACK
152 POINT
DSZ COUNT
JMP 1TER

ON HYSTEREZSIS COUNT
1S2 HYS

LDA 1,KLO
LDA @,KH1
LDA 2,KOHI
LDA 3,KOLQ
SuB2 3»1,SZC 3DOUSBLE PREC SUB
sSuB 2,0, SKP
ADC 2,0
MOVEL. @205 SNC
JMP NOPK
LDA 1,.C10
LDA G>HYS
ADCZ# P,1.,52C
JMP NOPK
LDA 2, M1
LDA 15 «NUM
NEG 121

suB 9,0

LDA 3,352
STA €,5»,3
STA 8s565,3
STA B0»15,3
INC 2,2

INC 1,1,52R
JMP ITRE
s5uB 3,3

STA 3,HYS
DA 3, +PFLG 3INRKRIBIT PRINTING IN NOPLT
MOV 3»3,52R
JMP NOPK
JSR RMESS
KMS

850@.

50.

JMP eKRET

-RESET ROUTINE =--=~-

et n e B el




P0123°054407 CHNGIT: STA 3,S5AV3
00124°176400 sus 3.3
PA125° 254004~ STA 3, 1THI
02126054003~ STA 3,.ITLO
82127176520 SUBZL 3,3
PR130°'05401a- STA 3,.COPCT
20131 'A302401 JMP eSAV3
©0132°'000000 SAV3: [}

OPTION INPUT ROUTINE =~---

PB133'006007S OPTIN: JSR @.PAGE
09134°'00620a3% JSR @.MESS
00135°'008455" OPTMS

PA136°'177242 -350.

P2137°001274 700.

20149°006003S8 JSR @ +MESS

99141 °0@3467" CRMS

00142000062 SB.

00143'001236 670

©0144°'006011S OUT: JSR @.GETT

08145°' 024546 LDA 1,CRGRT
00146°106415 sug# @, 15SNR 3MUST EXIT
00147 *'@@08535 JMP HOME

28150°006003% JSR e.MESS
8A15]1'00A523" N1

00152°000310 200.

Pa153°'Q01212 650.

001540060038 JSR @.MESS
POA155'C00555" o1

20156'030113 75.

90157021130 680.

00160°0060115% JSR @.GETT
001611024531 LDA 1,YCHR
03162°106414 suB# 0,1,SER

90163°' 000405 JMP *+5

09164'0060108S JSR @.PRN2 3PRINT Y
00165°126520 SUBEL 1,1

00166'044004S STa 15 +NVEC 3 SET FLAG TO PRINT
99167008407 JMP CNT1 SNEXT
00170°'024521 LDA 1sNCHR 3CHK FOR NO
00171°106414 @,1,SER
20172090766 JMP ovi

90173'0060108S JSR €.PRN2 3PRINT IT
PB174°126440 1,1

00175°0440045% STA 1,+NVEC 2INHIBIT PRINTING
201760060035 € .MESS
20177°000685° Q2

90200°'AG0113 7S.

00291°'0Rn1046

80202°'0060125 JSR e.D3IN
002a3'044075S STA 1,+VFAC 3SET SCALE FACT
27234°006003% JSR e.MESS
00225'001051 " Q6

00206°002113 75.

00207002764

008210°'026011S8 OVR6: 8.GETT
N0211°024591 LDA 1»YCHR
22212'106414 0,1,S2ZR
90213°'000405 «45




2Q214°'0060108
@e215'126520
00216044011~
02217°'000C407
023220'024471
£0221°106414
g0222'020766
90223°'006010S
00224126449
@a225'3da4911~
00226'006003%
80227°'000646"
00232000113
80@231°'000702
pR232'006011S
99233°024456
0B234'106414
20235300405
QQA236°'C060148
97237126440
g0240°044005~
@2241°'000433
00242'324459
#a243°106414
0R244°'000766
002450060108
90246° 126520
002470344035~
002500060038
00251°'000756"
2R252'0001 44
98253 '000620
0R254'0360@3S
08255'021010°
PB256'A3A175
00257020567
00260°036003%
00261'008676"
02262°'090113
PN263°000505
P0264'006012%
90265044006~
00266060038
@0267°'020727"*
90279'00N113
20271'Q00423
00272'006012S
00273'044007~
902742060038
@a275'a01a33"*
00276'000310
00277°'0002S57
P23VY'PA6N1 1S
@a3a1°' 324412
80@302°'106414
AA3N3'RPB775
©0334'0060073
293A5'0ns6n22~
2A3N6'006006S
03337'802401

CTNU:

gva:

LAST:

ovV3:

HOME ¢

JSR
SUBZL
STA
JMP
LDA
sSuB#
JMP
JSR
SUBO
STA
JSR

75.
459
JSR
LDA
Sus#
JMP
JSR
SUBO
STA
JMP
LDA
suB#
JHMP
JSR
SUBZL
STA
JSR

100.
400.
JSR
N3
125.
375,
JSR
Q4
75
325.
JSR
STA
JSR
a5
75.
275,
JSR
STA
JSR
N4
200.
175.
JSR
LDA
Suss
JMP
JSR
JSR
JSR
JMP

8.PRN2
1,1
lchEFL
CTNU
1,NCHR
@51,S5¢R
OVR6

8 .PRN2
121
‘J-KEFL
8.MESS

@.GETT
15NCHR
Ps1,5ER
n+5

8 PRN2
151
1,+.0PTN
LAST
1,YCHR
B,1,528R
ove
e.PRN2
1,1
1,.0PTIN
8 .MESS

@.MESS

8.MESS

2.DBIN
15.CQPY
@.MESS

@.DBIN
1,.5TOP
@.MESS

@.GETT
1 »CRGRT
0,1,52R
ova

€« PAGE
8. TPRN
8.DISS
PBAKK

C-141
JPRINT Y

3JSET FLG TO KeEe. ZERO
SNEXT

3INHIB K.E.2EROQ

3PRINT N

3NO OPTIONS

3PRINT Y

3SET OPTION FLAG




Qa3102°177777
©o311'00c116
0€312°00a131
90313°008215

90314°'054523
20315020003~
00316° 024514
00317101400
20320°106415
03321°000404
203220406303~
@A0323°'034514
2@324°001400
290325102470
00326°040003~
809327'01008024-
P0330°'004434
@@331°034506
20332°'201400

9@8333°'054501
P0334'060477
9@335'1081222
00336'00P425
06337°0060033
BB343'0020454°
0a341°'aaa7a2
80342'001402
90343'020004-~
0034400600159
08345°020025
00346'020003~
8034702060018
20350°'177774
203510060035
00352'000440"
003530201116
00354°001402
00355°024013S
90356°'030453
@@357°'102400
B@360°073301
303610060018
00362177775
00363°002451

C-142

BAKK ¢ CONTR
NCHR: N
YCHR: i 4
CRGRT: 15
3
Jrommmm - ROUTINE TO STEP CYCLE COUNTER =--
3
3 JSR @.STEP
3
STEP: STA 3,SAV3P
LDbA B».1TLO
Lba 1, ITMAX
INC Bs,0
suB# @215 SNR
JMP NOTCH
STA Bs.1TLO
LDA 3,SAV3P
JMP 8,3 EXIT
NOTCH: SUB 0,0
STA @,¢1TLO SRESET LO WORD
152 « ITHI 3 INCREMENT HI WORD
JSR OPTON 3CHECK OPTIONS
LbA 3,SAV3P
JMP 9,3 3EXIT
H
Jocmemennna ROUTINE TO PRINT CYCLES=======~ ———
3
3 JSR e-TPRN
3
TPRN: STA 3>TERMITE
READS ]
MOVEZR 0,0,52C
JMP 00T
JSR e.MESS
MAT
450Q.
770.
LbA PreITHI
JSR e.IPRN 3HI PART
S
LDA 0s-1TLO
JSR e.IPRN 3LO PART
-4 SWITH LEADING ZEROS
JSR @ .MESS
cYc
590.
776.
LDA 1,MU
LDA 2,C1000
sSuUB 2,0
MUL
JSR e.IPRN 3 PRINT DEFAULT MU
-3
00T: JMP eTERMITE
3
’ ------------ EX R YR P N XY TN
3
3 OPTION CHECKER
3
3

[ —— T T SV P e




PO364' (54452
Q3355 020005~
223561001025
Bn367° 001 400
£09370°' 020006~
AN371°101994
20372'04413
A0373'a20207-
Be374°101004
Ar375'300493
90376'034240
90377001409
00420°' 024004~
£04@1°'106405
084@22'002431
20423°034433
POARA* 0B 400

00405054430

00406 020804~
, 00407024010~
; PRAIR*1R6414
PP4A11'0A1 400
90412°0C6002%

20413° 090007

. 20414°004717
804150060065
904160060025

00A17' 202033

B80A20°0C6002S

B 88421 * 330927
] 00422°'306007S
: 80423024310~
004240303986~
00425'1470020
B0426° 044010~
00427° 734406
09430°201 400

00431°001750@
03432°'02342¢
03433°'000310°
20434°'000000
@0435°' 000000
00436'000000
294371000000
00440°041 440
: 09441041531
3 00442042514
00443°'020123
P0444°0820040
00445°'342504
02446'@340506
9RAA47'0A6125
008450°'020124
PM451° 052515
80452'030075
298453000056
90454°A02040
4 02455°' 048449

OPTON:® STa
LDA
MoV
JMP
LDA
MOV
JSR
LDA
MoV
JMP
LDA
JMP

BON: LDA
suB
JIMP
LDa
JMP

3

COPI1: STA
LDA
LDA
Sug#
JMpP
JSR
7
JSR
JSR
JSR
27.
JSR
23
JSR
L.DA
LDA
ADD
STA
L.DA
JMP

3

c10@9: 10@43.

ITMAX: 10003,

CONTIN: CONTR

TERMITE:Q

SAV3A: Q

SAVE3: 0

SAV3P: 9

CcYC: « TXT

YC

LE

S

DE

FA

UL

T

MU

=0

o¥

MAT «TXT
OPTMS:  «TXT

C-143

3,5AVE3
@, 0PIt 3ACTIVATE OPTIONS ?
2,0+ SNR
2,3

s COPY
@s,0,5ER
COPI
3s+STQP
3>, 8ER
BON
3,5AVES
9,3
12,1THI
0s12SNR
BCONTIN
3»54VEQ
2,3

3,5AV3A
@ ITHI
1,.COPCT
@r»1,58R
2,3
@+.PRNI
3RING BELL
TPRN
e.DISS
®.PRN1}
2ASCIl ESC
#.PRNI
3ASCI1 ETB
8 +PAGE
1, COPCT
2s,.COPY
2,1
1,+COPCT
3,5AV3A
2,3

>»




-——-

83456042524
22457046111
00460°'041101)
2R461°'D4a2514
20462047440
004631052120
0B464'P4751 1)
BR465°051516
P0466' 002040
BRA6T 020050
20470'344510
00471'020124
00472'027103
00473'027122
80474052040
83475020117
0476047507
20477'041040
00500'041501
00501°'022113
@3502'@47516
PRSA3'P20127
20504°' 020055
08505'247101
00596023131
aasa7'es21t7
90519°'042510
PA511'02p122
90512'042513
Pe513°'020131
00514°'047524
20515'041449
2516247117
PA517'PAas524
00528°052516
0s521'p20185
83522'000051
20523°'040450
22524'251516
PA525'042527
06526020122
205271046101
20533'020114
PA531'052521
€9532'051585
008533044524
0a8534'947117
0@535'026523
93536052123
20537'047101
PB543°' 040594
0A541 042122
BA542° 0340440
0543°051516
00544042527
@0545°a51522
00545347072
PN547°'031454
€0550 ' 041450
98551024522

CRMS: «TXT
Hl
T
C.
Re

*(

*(A

C-144




C-145
20552°047054 N
00553°'047054 LN
00554300051 ) *
80555°047594 Q1 «TXT *DO
PB556°054449 Y
00557°'052517 0OU
00560°053440 W
60561051511 IS
00562'020110 H
€0563'047524 TO
00564°050040 P
20565'0A44522 RI1
P0566°'@52116 NT
00567'040440 A
90570°'052120¢ PP
20571044514 LI
00572'042195 ED
BRS573°046840 L
P0574'P4a8517 OA
00575°'020104 D
80576040526 VA
@0577°'052514 LU
P0602°' 051585 ES
80601 ' 0240140 4
) 20692027531 Y/
00603°'024516 N)
. 23604 OBNBTT 2%
00605044127 02: «TXT *WH
00606°052101 AT
. 00607°'053440 W
90610052517 0L
00611042114 LD
80612°054440 Y
90613°'@52517 OU
P0614° 046040 L
20615°045511 IK
90616'020105 E
P2617°G51501 AS
00620°052040 T
20621°042510 HE
70622°'053040 v
00623°'0415085 EC
00624°'@47524 TO
00625'0920122 R
00626°'Q41523 SC
00627°'045101 AL
23630°'020105 E
00631°0a0506 FA
20632'952103 CT
203633°'251117 OR
80634° 024040 ¢
80635°026116 N»
20636051133 CR
@0é37°337451 H?
0640000208 =*
20641027113  KMS: o TXT *Ke
P0642°027105 E.
90643° 042520 PE
00644°045501 AK
00645'000002 *




@0646°'a7504
RB647*N34440
0650152517
ON6E51 1153440
0a652°A51511
a653°020119
00654°R47524
B0555'052440
00656042523
B0657°'040440
006601352125
Q0661241517
PR662°'059117
00663°C20131
0R664°0B51117
00B665° 2420440
PR666°'052125
0A667°051517
00670047524
PR671°020120
0672054450
0N673°Q47057
00674°N37451
P0675°'00NB00N
- 8R676'A44127
PN677°' 252101
20707 °'053440
007a1'0525117
NE702°042114
. 00703°254440
€0704°C5°517
00705'346049
027086'345511
00707°020125
= 00718°'051591
00711°0252940
087120425190
20713'0414492
00714'050117
00715029131
02716047111
Q¢ .17'a51103
"A720°'046505
90721047105
, 80722°'020124
80723°'047059
07241341454
@0725°' 024522
08726200077
00727°'052101
00737'A534432
09731°040510
90732°'02a124
©8733°'047529
00734'047111
290735'020124
00736°'047527
087371046125
00740°'020104
007411247531

03:

Q5
HA

PO
IN

w0

Y0

«TXT

«TXT

*DO

*AT

o i i e taps e Y




T et T =i o S TR

02742°'020125
@0743°'044514
0A744°Q42513
88745052049
0745020117
03747052123
8Aa758*'0c5@117
00751024949
8027527026116
0A753'2511a3
0B754° 037451
8375500020
0B756' 047516
89757042524
00769220072
B0761°'044124
n@762°€2010@5
88763°'047596
0A764°'046114
00765053517
0076647111
08767°R20107
@e7792°03523516
0a771°041115
62772°'051105
20773020123
00774°251101
0775920105
PO776°052515
P0777°052114
21600°052111
21031°042514
21002°020123
219003°Q43117
81004'€39449
21005° 030060
21006030060
21007°002000
01010°044450
01811°026105
21912°044124
921013'020105
61914347533
01915°'050115
21016° 020056
01917047111
019208'042524
21021*050122
01022°042522
01823°'0351524
21024° 931040
91025°'043449
21026°020123
210271027062
21032033060
B1931°024469
91932°'00002@
01933°'044510
21034°020124
219035'0492523

U

N4

CA

«TXT

*H1I

PREPUIIWE WP - R - IR SR A SRR SRR A A

C-147

NPT




Q1036051122
81037240511
61040°'042507
P1041°851040
@1042°'052105
21043'051125
P1044°'C20116
81045047524
01046°042449
1047044539
010850'0a0Q124
91051047504
81852'054440
21053°0352517
01054°0534492
21855°a51511
B1056°'020110
B10857'047524
01069° 052440
P1061°242523
01062°045440
P1063'042456
01064°055056
01065°051105
B1066'024117
01067027531
01070°0624516
61071°'0000277

RR
IA
GE

ET
UR

T0

Xl

Q6

C-148

« TXT *DO

«END




AROARA-2AN277 "
AN -0A0200 "
Arae2-aa10a3”
eARA3I-ND1157"
anfda-331174°
20005-301202"
QBNR4-A1043"
2ANAT -AANAQR
A1 B-n0222D
ANA -00aA2R
aenA12-003002
2aa13-00220aA
AcRA1a-002222
20015-G00000
2oNt16-20a0an
a0a17-200312°
pRRA20-1777717
PRA21-177777
20Q22-000413°

f0Aal12

PACOA PS52467
annE T 0esA3%
QRN 'AMAAAAR
2rea3nnrr22:!
POrMAat177634
200521130
eaQas NENP AT
epen7'NM123a’
fAR1IN* 177634
AeA11 AN A3 4
eORI2'PCENAAT
eea13*ent237
2AA14* 1771608
AeAIS* NN N34
QAR5 6NN A8
ORI T G144
ARG APP1 24
PAO21 ' O0ATTA
Qa@E22°'Q2AC06S

«TITL
H

C-149

INPUT

$ SEVERAL INPUT ROUTINES

<ENT
ENT
SENT
fENT
<EXTD
«EXTID
+EXTD
«EXTD
+EXTD
«EXTD
CJEXTHN
«ZREL
«SPRP: PROFP
«INPS INPUT
+LQODE:  LODE
«SIGNE  SGN
«BRNG:  BRNG
NGAT: NCGAT
«MOVE: MOVE
«XCCGD: 0
+YCCD: @
«SYCL: O
MFLG: O
.DVBN: D
«DVMBRP: a
LUD: %]
eUhn 2 %)
<UINP: UINP
«PEMT @ 177777
«PREST V\T7777
«PSEG: EGGI
«NREL
+RDX

]

o SPRP, « INPs cUINP, «UDs eUns « PSEG
FEET,POUNDIMOVFLS «FEMT» «PRED
«LODE, «MOVE» « XCCD,» « YCCGD

«SYCL» «MFLG s «DMBNS «DMBP

+PRNY S o FLED» « PACGE, o MESS s « I PRN
MUs e D155 eCURS» « ALPH, o PRO2
cAX1S5, «DIINS«CGETT,» PRN2

«IPRN, <KIIC

eCHEK » e AORD» e HITS»+DBO» «eMT7s «MEM
e MSKKs « LENG s « PONL S o PON2, « REB2
COMIR

3X DISP

$Y DISP

3DCM CYCLES

;DCM FLABG - O=0FF

3 ' BLOCX NO.

P " BLOCK POINIEKR

3JUNIT OF DISFLACEMENT
SUNIT WEIGHT

JENTRY FO&x UNITS INPUT KROUTINE
5PRESS. SECMENI EMPIY HEAD
SPRESS. SEGMENT LIST READ

19

3DISPLAY PROPERTY TABLE AND wAIT FOR
SUSER TO TYPE IN NEwW FRICIION COEFFICIENTS.

$
INPUT:
IN2:

5TA
JSk
JSK
TEXT1
~100
600
JSR
TEXT2
-100
540
JSR
1EXT3
-400
549
JSR
TEXT4
100
510
LDA

3,5F5AV
8 .PAGE
e.MESS

@ .MESS

@ .MESS

8 .MESS

Q.MU



A@N23' M aas s JSR FRAC

AOC2aBRNAPR aA09
PEEPS ORTT6 Sta
SINITIALISE LOOP VARIARLES
e2A26° (130020~ LDA 2, « SPRF
fAAPT 151430 InC 2,2
eRA30 ' ASraan Sia 2,POINT
AR031° 202240 LDA f,016
@NN32 ' 0aR4a34 STA 2,CNI
PPrA33°'014433 DsZ Ccivi
PAN34' 102500 SUBZL 2,0 3START @ 1 NOI ©
aMR35°'Aanals S1A 0, MUM
PeA36' (20436 LDA A,Y1
PAR37'CA04PS STA 2,YY
PARAN' 040413 STA Q,YYY
3SCAaN THROUGH PROPERIY IYPES,
sPRINTING FRICTION FOR EACH
e0A41'RA6RNAS TOP: JSR 8.MESS
feRA2'001256" TEXTS
PONA3 Q0N 44 100
P0R44°'NCP2R0NA  YY: o
PNAAS P2MALS LDA 2> NUM
20044 AN6AA5S JSR @.1PKN :
aeN47'B0CAN2 2 <
2ansep22420 LDA P>ePOINT 3 PROPERTY # i
PAAS51 004430 JSR FRAC
- 2RAS2 ' RR620 420
AAA53 ' CARN0A  YYY? (<]
acnatL e +RDX 8 l
PARSL A1RAT4 158 POINT i
PRASS'A1AA41S 152 NUM i
FARSE ' @20415 LDA @, YINC j
3 AARS7 ' A24774 LDA 1oYYY :
= 22062106400 sum A1 INEW Y ]
20061 ' PA4TT2 STa 12YYY :
PANE2 " NAATE2 STA 1YY
000637012403 Dsz CNT
PANKAARATSS JMP ToP
AARES ANALa6 Jmp GET ¢

QrR66'ARARAE  CNT: A
ARA6T ARAANA  SPSaV: @
PANTN' A0 POINT: O

@AATI'00GA12 N16: 12 3SIZE OF PROFERTY TABLE
: eAaT2' 002008 NUM: )
- Aeen12 «RDX 18

00AB26 YROW=22
2007583 YTOP=488
00A414 YROT=-10*YROW+YTOP

eerA73°'000026  YINC: YROW SDISTANCE BETWEEN LINES
o0nTAAART22 Y1t YTOP-YROW
2A75° 000764 X1 See
ARRTI6 OONA1a YL YROT
a0ee1 0 «RUX 8
ePA77°'00M21S CK: 15+200
aatoe*aep”s6 DOT: 'e+200

3TO PRINT FRACTION (WITH N DECIWMAL
JPLACES)Y AT (X,Y) ON SCKEEN

)

3 JSR FkaC

H X




51533715
29101 °'QA54424
QAR1A2 ' Q4824824
Aa103°a21 40P
PR1parpPsSerd
eAIAS ' OR6PA2T
QR124'002NA7
RRAINT'0AsNR1 S
e a0e037
RALIL'2QA42A1 S
adA112°' 2000604
e0113'Qrepnts
AB114°000056
o8115'02a411
PB116°03241 4
PAL17Y1P2400
ga120°273301
0at121'Pa6035%
20122177775
RA123'N34402
Pr122°001 202
2A125'200020
23126020000
@ar27'aa9029
801303020260
aA131'30a23a

aaep12
@8132'0D1750

200010

9A133'00601Q8
29134°200127°
898135'08n130°*
02t136°06202131°
221370060211 ¢
N1 40020767
PR14Al 024736
00142106414
00143'A0Q4A5
2A144'Q0670Q3%
201450060168
BB146° 006007
N0147'002720
20150°024730
oP151*1064a14
AN152'A30761
82153'NR4a756
PA150 20722
97155106423
0R156'00A755
aA157°10A2408
A2160°A30713
AB161°PT310)
02162'020707
0N163°122423

3

Y

C-157

SFRACTION IN ACO

=3
FrAC:

Fsav:
FR:
CHAR:

.
.

-

Clo00:

3PUT UP

GET:

NEXT:

STa
sTa
LDA
LDA
JSR
o
JSR
37
JSR
)
JSR
LDa
LDa
suR
MUL
JSR
=N
LDA
Jmp

(]

2
(4
2
7]
«RDX

19ee
«RDX

3+,F3Say
AsFK
Ds2,3
1,153
8.PLTS

@sPRIMNL
8.PRiNI
8.PRN1
1,FR

2,C139a
2,0

10
FSET AT 10%*N
8

CURSOR anD WALl

JSR
CHAR
X

Y
JSR
LDa
LDA
sus#
JMP
JSR
JSR
JSR
Jvp
LDa
suBs
JMP
LDA
LDA
SURZ
JMP
SUR
LDA
DIv
LDA
SUBZ

@ .CURS

P .ALPH

@, CHAR

1»CK

B>1,82R SCHECK FOR “RETUKN®
NEXT

@.PAGE 3NO CHANGES RETURNS.
8.TPRN

@.DISS s3bnD EXIT

8SPsSaAvV

1,D0T7

@,1,52K B3CHECK FOR DEC. POINT
CET SNO GOODs KEEP wallING
1,Y

a,YL

Bs1,8NC 3CHECK FOR LOWER LIMIT
GET

f,0

2,YINC

A)N16
t,8,50C SCHECK FOK UPPER LIMIT



QA1 €4 NAMA g
A0165°A37000-
QB1EA* 113000
RO167°'A50437

AM7A° 102400
PA171°93072
an172'A7330)
ea173° 020703
PA174'107000
20175°023700
20176°CAKAR2SE
fR177'¢00en2
Ae2aA'nes011 ¢
aE221'e2AT726
QP202°'0NsQ12€
ap2AlI*MNaa3n
QR2NA (20425
2053042
Qe206'041200
AQ207'0a0724
ea212° 101404
fae211'90ea722
Ae212°'Q224413
AR213°'320662
2a214'206002%
QEP215'00000A
ee216°aL6011S
aP217P20710
AA220'0A6AL1 2%
PR221°'204412
PR 22020407
NP223°P40006¢%
Rp224°AQ0T07
QQeP5°QARNT 74
AA226°'0C0ANAA
ea227°'¢AnAAn
Q0232 0ANRCBS
2r231°'0@2009
Rra232' 000000
2p232°054777
R2P234°'034434
2A235°'054432
aN236°102400
*0237'040772
20248020770
00241 'RaRr7466
0A2242°'06A1 ST
Qn243°'AQ6A 2%
AR244'P23A220¢8
QA245°'APR415
CPr2A46' 105004
AA2A7 34400
ea250°'n214009
eaLs1° 102200
epes2' 7330
ARPS3'0P0756
ap2s5a*1r3020
AN255'Pan7s5a
AR2558°' 21041}

3SET UP

TRYMU:

YMU':
PPNT
NNe
NTIM:
Sum:
KSav:
KEYB:

GIT:

=

C-152

JmpP TRYMU

LDA 2 «SPRP

ADD 9,2 JPOINTER TO PROP TABLE
STa 2,FPNT

LOCATION TO FRINT NEW NUMBER
SuR 0,0

LDA 2:,YINC

MUL

LDA Q,YL

ADD 0»1

LDaA P0,X1

JSR 8.FLTS

7}

JSR @.ALPH

LDA O@sCHAR

JSR e «FPRN2

JSK KEYB

LDA 2, 5UM

L.DA 2, PPNT

STAa 0,90.2 3STORE NEW FRICTION
JMP GET

INC 0,9,5Z2k 3CHECK FOR DEFAULT VALUE
JMP GET

LDA 1,140

LDA B,x1

JSR @.PLTS

]

JSR B.ALPH

LDA @,CHAR 33 SEND OUT DEC. POINT
JSR @ .FRN2

JSR KEYB

LDA s SUM

STaA 2,MU

JMP GET

13*YROW+YROT

%]

5}

S

(%]

%]

STA 3sKSAV

LDA 3,18L

STa 3,TBLSYV

SUR 2,9

STA s 5UmM

LDA PsNTIM

STA B sNN

JSR 8.GETT

JSK 8 .PRN2

JSR @ CHEK

JMP ERROR

MOV s

LDA 3,TRLSV

LDA 250,3 3GET MULTIPLIEK
suB €,0

MUL

LDA 3 SUM

aDD 1,0 JADD IN NEW DICIT
sTa A, 5U%

I1S2 TRLSV




C-153

PA257°'A14750 DSE Y

PA2EATANATE2 JIMP GIT

AA761 ' 302751 JMP exsav JEXIT FOR TOO MANY DIGITS
fN262°N24414 ERROR: LDA 1,CRNP

£P263°122415 SuB# 1,0,50R

AN264°AN2746 JMp exsav 3GOOD EXIT

a0265° 202401 JMP einp 3IBAD EXIT

QA266°0ARC21" INP: IN2

!

| @A26T AOONAA  TRLSV: 0

. 014631 A1277777/5

i 000212 .RDX 10
| 001217 ARzAL/10

: oaa1al A3=42/10

20A0B6 A4=83/10

00N00® AS=A4/10
00N @ «RDX g
en27e°'000271"* TBL: o+
0a271°'214631 Al
PR272'201217 A2
00273°200101 A3
2@274°302096 pA
0275000020 AS
09276002215 CRNP: 15 SCARRIAGE RET. NO PAR.
00092 PROP:
3TABLE FOR FRICTION COEFFICIENTS
pcear2 «BLK 12
3
3
3ROUTINE TO ACCEPT INPUT QF UNITS FROM SCREEN
3
000012 «RDX 19
2a311°000R38% USAV: o
oN312°'054777 UINP: STA 3,US8V
PR313°'006003% JSk @ .PAGE
20314°(D60024S JSK @ .MESS
Q0315°QQ1264° TEXTS
89316°177634 -100
29317001130 600
PP32A*R36ANAS JSR @ .MESS
20321°001305° TEXT9
00322°'177634 -t1e0
008323°'A01A65 565
8R324°'0N6NADAS JSR @ MESS
20325°A01312° TEX10
00326°' 000342 226
eA327°'001065 565
P0330°'AA6A1 3% JSR @.AX1IS
23331°'0a1412 778
AR3I32°A0R144 100
on333°e0AssA 360
PA334°'0A6AN4E JSR @.MESS
AN335°'001337"° TEX1Y
AQ336°A0A144 100
AA33ITA0NE20 400
PA3aP*ANGALAS JSR @.DSIN GET DISTANCE UNIT
00341°'044215- S5Ta 1selD
8034200672218 JSR . WOKRD SGET BTRING
7a343°'A002361° FEET 3 STORAGE LOCATION
P0344°' 0060048 JSR e .MESS
NB345°001365° TEX12




@Aa346°'0A01N144
723347020310
aneR1o
eAISA QNN 4%
PAR3S51'NacAl 6~
20352°'0A60N218
aa3s3'00a372"
PP354°0P06AB15S
aaassSaasanls
AR3IS6RDEAL6S
20357 °'0ns8007S
Q367002731
000211
Aea311

20423°QA06204S
800012
fR404°'001417"*
0405'N00310
90406°C0BT64
2aeale
204a7°'0NN405
A0410°'CAA00Q
90411 °200900
goanl2
00412°'00e175
oonal 0
82413°054775
PR414°006010%
00415'0Nn624"°
PRA16° 000625
2Ra17'003606"
RRA20°' 220564
00421 °0060A208
PQ4a22° 002766
00423°'A06011°%
00424°006022%
00425°000605"'
DR426°000606"
20427390765
0043RA° 050557
ARa31°'044557
00432 MaA557
AB433'054557
00434° 020551
PAA35°024551
@PA36° 01372555
02437142400
RA4B 1464070
20441 'A06VI28
004a42'0000007
804430060118
AP444°'CN6001S
P90445° 020052
PRA46°020536
fR447°'0C6A238
PRASA*A30572
00451142414

FEET:
POUND ¢
3

100
209
«RDX
JSK
STA
JSR
POUND
JSR
JSR
JSR
JSR
JMP
«BLK
«BLK

8
8.DBIN
1, .UW
8.wORD

@.GETT
e+ PAGE
&8+ TPRN
@.DISS
eUsSAV

11

11

C-154

3GET UNIT WEIGHT

5FORCE DESCKIPTOR

3IBYTE STRING FOk DISPL.
3BYTE STRING FOr FORCE

3 INPUT OF PRESSURE SEGHMENTS

3
ERR:

EGG3:e
FORING

N125:

EGGY 2
EGGS:

JSR
.RDx
TO0BIG
200
500
«RDX
Jmp
Qo

%}
«RDX
125
«RDX
STe

LDA

sun#

8 .MESS
10

8
EGGS

10

8
3,EGG3
@ .CURS

Q2 CHARL
8 .CHEK
eEGG3

8.ALPH
e.HITS

EGGS
2,AC28B
1,NP
P,NB
3,21IMM
@sXP
1,YP
2,C5
2,9
2.1
e.PLTS

@.ALPH
e .PRNT

'P,CHARI

e.DBO
2,CRK

BEXIT

3INO HIT

3BLOCK POINTER
SEDGE #

sBLOCK #
3RE-ENTRY ADDRESS

3OFFSET

3PRINT = ON SELECTED

3EDGE

JGET INITIAL CHARACTER BACK
INOW GET THE REST

2+0,S52R JCHECK FOR CK




-

faRasS2 0P 736
fRA453°*a4736
fN454* 030533
04a55*324533
QAASE NIRRT
22457105000
Q04664034731
QA4a61 102400
BRA462°0Q073301
BP4a63° 0030727
PR464°142513
RRARS ' CNOT16
Q0466073101
QRAbT ' QCuncas
227000572
aaa71°'004440
BA472°'000 463
fPRa73°C20550
QQaTa'19108a4
BR4TS 022524

NRa76'021002
Ara77'041400
eesaAn’aran2n-~
easal 'nsap29a-
B @@s5n2°'9Qal0@2

- aasa3°'a345a7
Qa504°' 25401
V2505 00N60S "
eAsS06'200606 "
eRS07 'R0 79S
20510254502
20511°050476
@0512°044476
2AS13'240476
2a514°'305Q27%
28515105980
B0516°'237673
0517102400
onsS20°'N73301
PR521°'030671
PE522°'142513
NA523'0200660
ans524°'A73101
RA525'0G44516
00526°'00aS534

0@8527°'000000
295300021 -
@53t '03ra21 -
83532151112
O0533°' 001409
PNS34°R54773
fA535°'024454
NAS36° 020452
00537181300
20543° 107000
20541 °'034767
PAS42°021000

JEXIT

€-155

JCHECK BEFORE DIVIDING

3COMPUTE M0MENT

3OFE IF SECGHENT ErF151S
InOs MAKE A NEW ONE

s CHECK FOk ZERO FORCE

GENTEK NEw FORCE Jiv OLD stCe

5THE FOLLOWING DELETES A DEAD PRESSUKRE SECHENT

sLINK FLELD IN DEAD SECG.

FSOTORE IN PREVIOUS ONE

SEMPTY LIST KREAD

3 ADDRe. OF DEAD SEC.

JLINK UP WITH OTKEKS

JRE-ENTER "HITS"
BRETURN TO HERE

iNQ MORE HITS

wlTH

2,9,SNC 3CHECK BEFORE DIVIDING

JMP BECG3

STa 120N

LDA 2:AC2H

LDa 1>0P

JSR e.LENG

MOV €l

LDa 2,FOrIN

SuUB 2,0

MUL

LDA 2,N125

SuBL# 2,8,5NC

JMP ERR

DIV

STA 1,FOKCE

JMP CGCMPH
TwIT: JSR EX1ST

JuP NEWEN

LDa Q,FCRCE

MOV B,0,52R

JMP REST)

LDa 2»2,2

STA @,0,3

LDaA O»PEMT

STa: -+ - 2,WPEMT

STa @252
3NGW SEE 1F ThERE ARE ANY MURE HITS
AGAaINT LDaA 3,21MM

JSK 1,3

xP

YP

Jmp EGCS

STa 3»Z1MM

STa 2sAC2B

STa 15vP

STA Gr»NB

JSR e LENC

MoV 2.1

LDA 2:FORIN

sSuB 0,0

MUL

LDA 2,N125

susL#

JMP ERR

DIV

S5TA 1,FORCE

JMP CQOMPM

3THE FOLLOWING CHECKS IF A PRESSURE SEG»

EX3: ]
PRADD: +PRES
EXIST: LDaA
MOVL A
JMP
STA
LDA
LDa
MOVS
ADD
LDA
ANCHOR: LDA

25, +FRES
222,5EC
2,3
3,EX3
1sNB
@sNP
2,0

2,1
3,PRADD
0,0.,2

3AROUND WE GO AGAIN

3LIST HEAD

3NO SEGMENTS

3NPNB

ALREADY EXISTS

3 PREVIOUS HEAD IN AC3

315T WORD

-

T

1.-Hi-.iﬂ--H----ﬂ--nn-nﬂhﬂ.uﬁdﬂhﬂhﬂﬁn.H::N—:=.‘




C-156

AR543° 104641 4 suB# 2,1,5ZR 3SAME NPNB?
G544 2004013 JMP CHAIN $NO3 KEEP GOING
PASA5 ' NINT62 IS2 EX3
Qa546° (2761 JMp eEX3 3GO0OD EXIT
0547155400 CHAIN: INC 2,3
720550175400 INC 3,3
855131002 LDA 2,2,2 3NEw SEG.
eass21s1112 MOVL# 2,2,52C
PPr553°'002754 JMP eEX3 3END OF CHAINS EXIT!
005540020766 JMP ANCHOK
3THE FOLLOWING CREATES A NEw PRESSURE SEG. ENTRY

0555020466 NEWEN: LDA 2,FORCE
aass6° 121005 MOV 0,0, SNKR
00557°¢eR724 JMP AGAIN
A8560° 030020~ LDA 25 +PEMT 3 TRY EMPTY P. LIST
@ass1*t1s51112 MOVL# 2,2,5£C
AAS62°6P0407 JMP FRMEM 3MUST USE VIRGIN MEMORY
ed563°'N21002 LDA 0,2,2 30LD LINK
"NS564°040020~ STA P, PEMT BREVISE EMPT POINTER
20565'034021 - LDA 3,+-FRES 3 CURRENT MEAD OF P. LIST
00566055002 STa 3,2,2 SNEW LINK
90567050021 - STaA 2, +PRES 3 INSERT NEW Fo SEGe
fR570°'020430 JMP REST INOw PUT IN DATA
PA571°032724S FRMEM: LDA 2, M7 SNEXT FREE LOGCATION -
N572'020025S LDA @,+MEM 3BHIGHEST MEMORY
NB8573'024452 LDA 1,51ZPR 3WORDS NEEDED
@aS74'147009 ADD 2,1
oP575'122513 suaL# 150sSNC 30OVERFLOW?
QAS576'ARR416 JMP ALLOK i NO

00012 «RDX 10
0357700607248 JSR e.MESS JPUT QUT MESSAGE
P60V 001406° MOVFL
22681 °'00Q3103 200
00602°000574 380

221512 N7 «RDX 8
20603° 000700 JMP AGALIN

A0604°N0AAAG CHAR1: ©
20605° 3072200 XP: %]
0A6A6°CNAQBD  YP: 4]
2607000000 AC2B: %]
P0610°00AAAD NP 1]
f0611°0000A0 NB: o
PR612°0R0000 ZIMM: a

2N613°'000800 CS: 0

00614'A24024% ALLOK: STA 15eM7 SREVISE FREE POINTER
00615' 020021 ~ LDA @, +PRES

00616'041002 STA B,2,2

NA617°'5@021- STA 2, +.PRES

NN620°'P20423 REST: LDA @,FORCE 3NORMAL FORCE

20621 'Aa102a1  REST1: STA 8,1,2

NP&E22°'Q2R422 LDA Qs MOMNT 3 MOMENT

PA623'041003 S5TA 0,3,2

RR624° Q24765 LDA 1,NB ;
20625277463 LDA QNP

A0626° 101300 MOVS 0,0

0R627°123000 ADD 1,0 3NPNNB

036304041000 STA 0,80,2 JHEAD OF CKQUP
QA631°'030756 LDA 2,AC2B 3 BLOCK POINTER
20632021000 LDA 0,0.,2 3 CONTROL WORD

or633° 100000 coM 0,0




- -

00634834412
00635163400
006361 a@aea
2B637°'241220
206400250328
PR641 0020642
PB642°'200215
20643'02a000
206440000220
AB645'Q2A206
0646177377
00647 *D0ABNOY
22650009000
00651 ' 0000CN
0652 'A30AA
0A653 ' A02000
AB654°2010020
08655 '003000
PR656°' 200002
@0657°' 009000
R0660°000070
00661002208

0866202308725
82663024725
866400602308
00665'D4a0762
02666'044763
00667°'024721
006700062278
PB671°R2A0762
206721021020
836730349268
006747163430
00675125490
PO676%122415
8677126400
83700°0906831S
80701034745
02702162408
007A3'934746
PA704° 166400
237@5°'040747
P8706°044747
00707021001
PO712'024675
82711122420
00712040744
20713°'921003
09714°'024672
02715°122400
237161040741
eAT17°004445%
208722000655
22721 '020657"°
23722044736
eN723'044736
AP724°a4441
0a725'00aA54"
00726°'3QB656°

CRR:
FORCE:
MOMNT ¢
S12ZPR:
PFLAG:
XA
XB:
YAz
YB:
LNG:
XD:
YD:
XCC
YCC
Hl:
LO:
3
COMPM:

LDA
AND
Cco4
STA
JER
JMP
1s
(%]

2

[
177377

ROV D

LDA
LDA
JSR
S5TA
S5TaA
LDAa
JSR
STa
LDaA
LDA
AND
INC
SUR#
suB
JSR
LDA
SuB
LDA
Sus
§7Ta
STA
LDA
LbA
suB
5Ta
LDA
LDa
suB
STA
JSR

YCC
STa
STa
JSR

xce

C-157

3,FFLAG
3,0

2,0
0,0.2
e.RERZ
AGAILIN

3 SET PRESSURE FLAG
s REBOX3 UPDATE FX,FY

2sAC28
YLNP
€.PON1
@.» XA
laYA
{sNNP
8.LENG
BLLNG
8,0,2
Js «MSKR
3,08 ;
{1a1
1,0,5N6R
fa1

e .PON2
3, XA
3,0
3.YA
3,1
2.XD
1,YD
Ps1,2
12 XP
1,9

@, XCC
3,32 3¥C
1-,YP
1,0
@.,YCC
SMuL

IMUST BE FIRST CORNER

IXB-XA

3YB~YA

$XC
3MID-POINT

351GNED MULTIPLY

»K1
t,L0
SMuUL

nutiiiioaiiiiging



- -

PA727°030731
03730°'@134731
eN731*167022
gR732°151420
00733°143709
00734176409
28735141113
0a736'0004925
207377124405
0R740*102491
26741°1Q0200
PAT42° 176520
AB743'030710 NONEG:
00744°Q73101
@A745°032676
20746102400
QB747'@73301
ANTSN*1750@5
03751°'000434
PR752*124405
80753100431
20754100000
90755°'n30026S BITS8:
0A756°14372Q
@#2757°125329
00760147400
90761°107000
PR762°044662
90763'002417
80764'000290 SMUL3:
@O765'A54777 SMUL:
00766027400
@AT67°'A23491
P0770°'1764929
eB771°125112
8Q@772°'157@08@
29773151112
0A774'137000
©0775°102400
@0776°073301
07771624029
91000°034764
21301001402
21002°'0020471°" TWT:
3

LDa
LDA
ADDZ
e
ADD
SuR
MOvL#
JMP
NEG
NEG
CcOoM
SUBZEL
LDA
DIV
LDa
su8s
MUL
MOV
JMp
NEG
NEG
coM
LDA
ANDS
MOVS
AND
ADD
STA
JMP
0
STA
LDA
LDA
suB
MOVL #
ADD
MOVL#
ADD
SusB
MUL
SuB
LDA
JMp
TWIT

2,HI1
3,L0
3s1,2584C
2,2

2,9

3,3
B,0,50C
NONEG
151,8M0K
Br@s354KP
2,0

3.3
2,L0G

2,FORCE
Q2.0

3,3,SNR
BITEg
151,50k
G,0sSKP
0,0

2, +MSKR
2,0

1,1

2,1

@s1
1,MOMNT
eTWT

3,SMUL3
1,20,3
2,01,3
3,3
151,52C
2,3
2,2,S2C
1,3

2,0

3,0
3,5MUL3
223

3ADD 2 DP NUMBERS

INEGATIVE?
INO

3TAKE MIDDLE 8 BITS

JRESULT IN AC!

3 APPLIED LOAD INPUT ¢ NUM. )

3
213239050437 LODE:
21904°0060048
210205°001431"°
81006 '00A175
21007°'00@113
P21910°'0060A3I~ XLOD:
01011°006004~
21012°00260048
91013°001445°
01014°020416
P1015°0A0A113
o1e16°A03772
@1a17°006005~-

STA
JSR
NEWX
125.
75.
JSR
JSR
JSR
SMES
270,
7S
JMP
JSR

2,BLKPT
@ .MESS

@.S5IGN
€ +BRNG
@.MESS

XLOD

3GET SICGN OF LOAD
3GET LOAD

A i




21220030422
B1021°a45023

Q10220260048
01023031437
ALA24°04175
21325003067
G1A26°N0ANR3~
AlLo27'0e004-
21932360042
21@31°'001445°
81a32°'anTate
B1933°' 030067
21834300772
21835006205~
21036°030a0a
21037°045024
21040002401
e1041*177777

01342°200000

210430062048
21244001577
21045000144
21946°000144
0124700260108
f1050°Aa1154°
21@51*a0tt1ss”
21aS2°'aP1156°
2135333672178
210540341155
21055°'001156°
B1856°Q0AT65
81057° 020475
01060034473
01061116415
91062000531
2106305001 4~
01264°044013~
81065176529
01066054012~

P1967'006RA3S
21070'0086020A4S
01971°021457°
019072°'177470
01073'000764
N1274°006004S
21875°001477°
P1a76°000341
Q1077°'00A@733
21100°006704S
o1101°001515°
o1102°'90a226

LDA 2,8BLKPT
STA 1,23,2
3
JSR € .MESS
NEWY
125.
59
YLOD: JSR e.SICGN
JER e «BRNG
JSR @.MESS
SMES
270.
S5.
JMP YLOD
JSR @ NGAT
LDA 2,BLKPT
STA 1,24,2
JMP @CONT
CONT: CONTR
BLKPT: @
3
3
3 DISPLACEMENT CONTROL
3
MOVE JSR @.MESS
BMES
1890.
108.
JSR e +.CURS
CHKRC
XDM
YDM
JSR 8.HITC
XDM
YDM
JMP MOVE
LDA @, CHRC
LDA 3,ESKP
sSuB# 2»3sSNR
JMP FNSH
STa 25, «DMBP
STA 1,+.DMBN
SUB2L 3,3
STA 3, «MFLG
3
3~~-~ ACCEPT DISPLACEME
3
JSR @ «PAGE
JSR e.MESS
DMSt
~20Q.
500.
JSR @ .MESS
DMs2
22%5.
475
JSR e .MESS
DMS3
15Q.

C-159

3PUT IT IN LIST

ROUTINE

3SELECT BLOCK

3TRY AGAIN

3 IS IT AN “E"
51F S0 EXIT AND
; UNHOOK DCM

3BLOCK POINTER
SAND NUMBER
3GEN A 1

3 ALERT DCM

NS




01103°'0002620
01194°006003~
21105°CC5Q34-
Q11060060045
21197°001445"
21110°0200764

21111°092a629

o1t112'0@a772

21113°'006005~
21114'044007~

911150060048
P1116°'001531°
21117°'009226
01120'00@536
?31121°8086003~
211220060024~
71123°006004S
21124°001445°
P1125°000764
e1126°'A88536
91127000772
21130°'006005-
91131044010~

81132'006004S
#1133°'9001614°
21134°000226
21135°'0928454
911360223451
81137°'3340804-
lJafaldo ]
01145°044911~

01146'0060048
91147'001545°
P1152°000319
71151°080372
01152'002667

21153°200n305
81154°'002000
91155°000000
P1156'000000

A1157°054432
21160°006015%
P1161°040431
01162°0224425
01163°1026415
B1164°000406
01165'024423
01166°106415
91167°'200403
21170334421
21171°001 421
B1172'@34417
01173'¢atae0

CGX:

CGY:

OK1:

420.
JSR
JSR
JSR
SMES
500.
AQ00.
JMP
JSR
STA

JSR
DMS4
150.
350.
JSR
JSR
JSR
SMES
S500.
350.
JMP
JSR
STA

JSR
DMS7
150.
309,
LDA
JSR
«BLK
STA

JSR
DMSS
200.
250.
JMP

“E+200

STA

suB#

suB#
JMP
LDA
JMP
LDA
JMP

@.SIGN
@ .BRNG
@ .MESS

CGX
@.NGAT
1,.XCGD

€ .MESS

@.5IGN
@ .BRNG
@.MESS

CGY
@.NGAT
1»,.YCGD

@ .MESS

2, PLUS
@ «BRNG
S SNEED S SPACES TO USE
1,.5YCL

«BRNG

@ .MESS

@ CONT

3ADD PARITY BIT

3,GOBK
@.GETT
@,SIGN
1>PLUS
@,125NR 3 MUST BE +
oK1 3 QUT IF +

1 »MNUS

@5>1,SNR 3MUST BE -

OK1 3 OUT IF -

3,G0BK

1.3

3,G0BK

8,3

3 ¢+ OR - FIRST




| . cmcnmm—-
3

N1174°'054415 BRNG: STA

3.,G0BK
@,SICGN
8+PRN2
e.DBIN

C-161

3PRINT SICGN
3 X LOAD 1S IN ACI

211750290415 - LDA
011762060128 JSR
€1177°a060814S JSR
01200°034411 Lba
21201 °'091405 JMP

21202'0206410
@1203'030405
01204'112415
01205°124420
01206001400

21297000053
21210°0900055
21211920090
01212°000000

01213126400

21214°044012-
61215'00603453

21216'001562"
Q1217'177324
01220°001130
01221092629

21222052523
0122310343122
01224°'941501
21225020125
Q1226°'051120
21227°050117
81230°051105
21231044524
01232°051505
01233200900
01234'054524
81235'042529
21236'000000
01237051106
A1242'041511
01241°'044524
01242' 0347117
21243'900900
N1244'042594
01245'0405a6
01246°046125
01247°022124
21258°052050
81251050131
01252'0p20105
01253'020943
01254024440
21255°003002
01256'051120

3

R O

?
NGAT: LDA

LDA
SuB#
NEG
JMP

3

PLUS: Ve

MNUSs -

GOBK: %]

SIGN: %]

’

FNSH: sus
STA
JSR
DMS6
~3@3.
600.
JMP

3

TEXTY: «ITXT

RF

AC

E

PR

oP

ER

Tt

ES

*

TEXT2: «TXT

PE

*

TEXT3: TXT

1C

TI

ON

*

TEXTA4: «TXT

FA

UL

T

(T

YP

E

»

[}

*

TEXTS: «TXT

3»G0OBK
5,3

3SIGN OF NEW LOAD
JASCII -

©,SIGN
2,MNUS
0,2,5NR
1,1

2,3

151
1, MFLG 3TURN OFF FLAG
@ +MESS

eCONT

*5U

*TY

*FR

*DE

*PR

@
o e i Wby




C-162

p1257'080117 OP
@1262°051125 ER
A1e61°'p54524 TY
p1262°'¢21440 #
P1263°¢02040 *
@1264°' 047111 TEXT8: «TXT *IN
@1265' 052529 PU
a1e6st@20124 1T
@1267'94a3117 OF
01272°¢42040 D
@1271°051511 IS
01272°'040524 TA
01273°'041516 NC
01274°020105 E
91275°'047101 AN
01276°'023104 D
91277'A247506 FO
01300041522 RC
91321°'020105 E
91392°'04a7125 UN
e1393*'052111 IT
91394°'0200123 S*

) ©1305°040503 TEXT9! «TXT *CA
: 81306°'052125 UT
F . @1307°'247511 10

©1318°'235116 N:
f1311°000000 *
. 91312047117 TEX10: «TRT *ON
@13t13°'a54514 LY
Q1314°047040 N
P1315°046525 UM
F 01316'042502 BE
b @1317°951522 RS
' P1320°043049 F
81321°047522 RO
91322°020115 M
@1323'020%061 1
@1324°044124 TH
01325°'9a7522 RO
©1326'043525 UG
@1327°'02@4110 H
913302°'030065 50
©1331'030060 0O
91332°042449 A
91333'046114 LL
©1334°'053517 OW
©1335°042105 ED
@1336'000000 *
21337'044127 TEX11: «TXT *WH
91340'052101 AT
81341042040 D
01342°'020117 O
91343°047531 YO
01344°020125 U
81345'040527 A
013461052116 NT
01347°'052040 T
61350°044510 Ml
@1351'020123 S
01352°'042514 LE




@1353'043516

Q1354044124
01355052049
213560204117
81357042522
013690°'0151120
@1361°051505
01362°347105
01363'037524
01364°002049
R21355°' 044127
B1366°052101
©1367°044442
01370°'020123
@1371°244124
01372020105
Q1373047125
A1374%@52111
P1375°9053444@
@1376'044505
01377044107
8142Q2'220124
P1401'043117
81402°051040
81493°'041517
01424° 037513
81485°'030004@
01406° 046407
P1407°'C46505
01410°951117
@1411°0202131
21412°9053117
01413°05110S
@1414°046106
91415'953517
P1416°000000
01417050027
01420°'042522
91421°'051523
P1422°'951125
91423°'020105
81424°'047524
R1425'020117
01426° 040514
81427043522
01433°000105
91431'042516
01432°020127
01433022130
21434°'047514
01435'¢42101
91436°NNB340
21437'042516
Q1440020127
01441020131
81442°9G47514
01443'0a2101
01444'000040
91445°'051 440
01446'043511

TEX12:
AT
I
S
TH
E
UN
IT
W
El
GH
T
OF
R
ocC
K?
*
MOVFL:
EM
OR
Y
oV
ER

LA
RG
E*x
NEWX:
W
X
LO
AD

*
NEWY?
w
Y
Lo
AD

*
SMES?®
16

«TXT

«TXT

« TXT

«TXT

«TXT

«TXT

*wH

*<7T>M

*x<7>P

*NE

*NE

C-163




01447°020116
21450°'Q445036
21451051522
01452°'920a124
01453046120
01454°'0a0505
©1455'042523
01456200040
01457047111
01460'052520
01461°'020124
91462°0344506
01463°'042530
91464°'020104
01465°' 046102
B1466'041517
@1467'022113
01470'244504
01471'0598123
G1472°040514
B1473°'042503
B1474°'842515
91475352116
01476°2092123
91477°331050
01503'854105
01501°0302529
B1502'020€@66
81583'851511
01504°'047440
01505°'042516
01506° 051440
21507'0511a3
P15108'042505
21511°'220116
91512°047125
P21513°'052111
91514°'9902851
91515°90202130
P1516°042503
91517°'952116
281520°0247522
21521°'042111
81522'042040
P1523'051511
21524°'246120
81525'241501
P1526°046505
91527°'047105
91530°'2002124
91531°020131
P1532°042503
91533°'252116
01534'@347522
1535042111
P1536' 04203409
91537'@51511
01540°'Q46120
015410241501
P1542° 046505
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01543'047105
01544°' 000124
21545'044506
P1546°044516
81547044123
21550° 842105
91551°053454
01552'044591
815531044524
01554°A43516
01555° 040440
81556020124
01557°047583
91560052116
81561000122
01562°047125
01563'047510
81564045517
01565042105
01566°'042040
21567046533
01570°026440
01571 ' 220055
21572'@252101
01573'041440
B1574'047117
01575'851124
91576300000
01577'042523
01600° 042514
01601'052103
P1602°041040
01603°047514
01604' 045503
1 01605°044054
E.~ 01606°052111
' 01607040440
P1619°054516
P1611°045440
01612°052505
21613°'202000
@1614°'041440
01615°841531
P1616°042514
01617°020123
01620'042502
21621 '053524
01622' 042505
01623'020116
01624'047515
B1625° 042526
01626020123
21627'0930600
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aacoaN-20n00n2"

2ARAA 000N A
NACA1 00021

ANOAE2*' 054776
2a303'(24Q13¢%
eerR4'125005
AAAAS'N2773
PANALT 114773
aoan7*An27171
AAR10'A34012%
eRN11'054772
aeNI2 240108
AeA13'135000
A1 4125112
2AA15*'124400
CARI6 3001 6%
aaart7 Q21002
ane2at175112
ATA21 P A0Q405
20022123023
?0a23'200417
AeA22°311001
PAN25°2ANAAS
eRA26 124400
CUACTI 103002
A3 R4 2
a3t ' A15a0n1
@ra32'pa5020
eR033' 4122
eA02A4° 240158
eNa35'336793%
PANIET(13472A4%
2AA3T 175005
CANAnNN6AN S
@eat 'ePa4n3
aRNA2'1a5029
"aA3'paltee?

@raaaramis
CoNas 135000
(AMAR* 125112
CORAT 120807
COCSAPARANLAS
RN A210804
CoPsS2 1 TIS112
CAASI* ANAANS
541230023
ePASS T OARal 7

STITL

MOV

SROUTINE TO EXTERNGLLY 40OVE A FIXED BLOCK

.
’

+DC™m:

.

»
RET3:
DMCT:

H
MOVE

FLIT:

CHECK:

DCMY S

eENT

«EXTD
<EXID
<EXTD
«ZREL
MOVE

oNREL

5}
1

STa
Lba
MOV
JMP
DS#
JMP
LDa
STa
LDA
MOV
MOVL #
NEG
LDa
LDA
MCOVL#
JIMP
ADDE
JMP
182
JMP
NEG
ADDEZ
JMP
DSZ
STa
S7a
LDa
JSR
LDA
MOV
JSR
JMpP
STa
STa

LDA
MOV
MOVL #
NEG
LDa
LDa
MOVL #
JMp
ADDZ
Jmp

«DC™

«DISH, e MEDS,) e KEBXR, « PFLG
« 40T » e FODs» « ALLB» « XCCD» « YCGD
o DYCLs o MFLC « STEF; «DMBN» « DMBP

3LKET3
1»eMFLG
1,1,50kK
e kKET3
OMCT

e RET3
3,.5YCL
3.,DMCT
15« XCCD
t»3
1,1,52C
151

2, +.DMBP
0,252
3,3,%52C
FLIT
150, SNC
oK

1,2
CHECK
1,1
1,0,S¢C
OK

152
1,20,2
@,2,2
15 «DMBN
@ .REBX
3s+PFLG
3,3,8NR
e.DISRB
NUT
1,20,2
0,2,2

1,YCCGD
1,3
ts1,52C
1,1
2’;0”BP
2,4,2
3,3,52C
FLITS
1,0,SNC
OKS

sCHECK IF DCM

360 BACK NO DCM
30OMLY EVERY .5YCL CY
3 GO BACK NOT RIGHT

SKESET COUNTEKR
3AFFLIED X DISP

3CHECK FOk SICGN

P AC(LOW)

3WAS NEGATIVE

3 INCREMENT XCC(HIGH)

3DECREMENT XC(HIGR)

sDEL XC

3RE-CLASSIFY THIS BLOCK

s DEL XC
sNEW XCC(LOW)

JAPPLIED Y DISP

3PS ABOVE

3YC(LOW)
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RAAS6 011G n]
Re0S7T A0a0s
DONEA 12440
261 103000
OeD62 (Ao
AADAI P 150073
CANBa'a5a0)
QAES ' CAaI0na
DANKA PP AN SR
ADA6T7'0psppas
NZATR°'N34p0ac
PONTL 175ans
QaAaTI2' Q04001 ¢
QdU73°'Q00aq3
AABTA' B s500
RAATS'Ma10Pa

Qen78' 080477
ARa77* 181120
AN10D°AAN4GS
P0101'Adsep0s
QR LA2 ' a0a1 7
QA1A3' o2y 44
23124000144
A0185' 2060058
AR B06RRES
PO107°00C40) 4%
02110'030916%
@a1t1' 122400
22112041929
B2113'Aataey
fat14'qato02
8115°'A06007%
BB116 002862

BR117°047515
eetPB 342526
Ad121 0201004
80122°'aaaga)

FLITS:

CHECS:

DKS:

CLIT:

DUDE :

MOMS:
VE

‘u

15¢ 3,2

Jmp CrECS
NG 1.1
ADD?Z l;ﬂ»D{C
JMp (SR

Ds2 3,2

STa 1.-21.,2
STA 2s4,2
LDa 1, .D43N
JSR 6.REAX
Lba 3, FPFLG
MOV 353, 50K
JSR 2.Disny
JMp CL1T1
STa 1,21,2
STaA 2,4,2
READS ]

MOVZL #,Q,52C
JMP DUDE

JSR f.MESS
MOMS

100.

109.

JSR 8.MOT
JSR @ «FORD
JSR 8.STEP
LDa 25 +DMRBP
sun Q.0

5Ta €,20,2
S1a 2,21,2
S7a 0,22,2
JSR eé.ALLE
JMP eRET3
«TXT *M0
«END
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I0FF = MESS
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JDEL Y
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In accordance with letter from DAEN-RDC, DAEN-ASI dated
22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Voegele, Michael D

Rational design of tunnel supports: an interactive graphics
based analysis of the support requirements of excavations
in jointed rock masses / by Michael D. Voegele, Department of
Civil and Mineral Engineering, University of Minnesota,
Minneapolis, Minn. Vicksburg, Miss. : U. S. Waterways Experi-
ment Station ; Springfield, Va. : available from National
Technical Information Service, 1979.

v, [516] p. il1. ; 27 ecm. (Technical report - U. S. Army
Engineer Waterways Experiment Station ; GL-79-15)

Prepared for Office, Chief of Engineers, U. S. Army, Wash-
ington, D. C., under Contract No. DACW45-74-C-0066.

References: p. R-1 - R-9.

1. Excavation. 2. Interactive graphics. 3. Jointed rock.

4. Rock masses. 4. Tunnel supports. TI. Minnesota. University.
Dept. of Civil and Mineral Enginecering. 11. United States.
Army. Corps of Engineers. III. Series: United States. Water-
ways Experiment Station, Vicksburg, Miss. Technical report ;
GL-79-15.
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